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Abstract 
Aging is accompanied by an increase in reactive oxygen species (ROS). 
Spermatozoa are vulnerable to the effects of ROS; these result in damage to 
membranes and chromatin, the former affecting their motility and the latter 
impeding successful progeny outcome. The epididymis is important in protecting 
spermatozoa by removing ROS using glutathione and antioxidant enzymes. 
Therefore, our goals were to investigate how aging affects (i) the redox capacity 
of the epididymis, spermatozoal motility and spermatozoal chromatin packaging 
and integrity, as weil as (ii) the susceptibility of these parameters to in vivo and in 
vitro oxidative challenge. Caput, corpus and cauda segments of the 
epididymides from young and old male Brown Norway rats were collected and 
glutathione and antioxidant enzyme activities were measured. Spermatozoa 
from the cauda epididymidis were analyzed for motility; chromatin packaging and 
integrity were evaluated in spermatozoa from both the caput and cauda 
epididymides. In vivo oxidative challenge was induced by 7 -day systemic 
administration of L-buthionine-S,R-sulfoximine (BSO), which is an inhibitor of 
glutathione synthesis, and in vitro oxidative challenge was induced by incubating 
spermatozoa in H20 2• We found that the redox capacity of the cauda 
epididymidis was altered with age, where the balance shifted towards conserving 
glutathione. Spermatozoal chromatin become more tightly packaged and less 
prone to dissociation and DNA quality decreased. Additionally, spermatozoa 
from old rats contained fewer ove ra Il thiols and disulfide bonds, which was due to 
the appearance of a low-thiol population. After BSO administration glutathione 
recycling increased and alternative pathways became upregulated throughout 
the epididymis; this response was greatest in the corpus region, whereas the 
cauda was affected in an age-dependent manner. Spermatozoal motility became 
compromised after BSO, where the effect was greater in spermatozoa from older 
rats. Exposure to BSO and H20 2 revealed that spermatozoa fram the cauda 
epididymidis of older rats had a unique susceptibility to their combined effects. In 
summary, spermatozoal quality becomes altered in an age-dependent and 
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epididymal segment-specifie manner; it is proposed that this may be attributable 
to the effect of aging on the cauda epididymidis. Susceptibility to oxidative 
challenge also increases with age, both at the level of spermatozoal chromatin 
and motility. 
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Résumé 
Le vieillissement est accompagné d'une augmentation des espèces réactives de 
l'oxygène (ERO). Les spermatozoïdes sont sensibles aux effets des ERO; ceux-
ci peuvent altérer les membranes, affectant la motilité, et la chromatine 
empêchant le développement de la descendance. L'épididyme joue un rôle 
protecteur important pour les spermatozoïdes puisqu'il catalyse la conversion 
des ERO en utilisant le glutathion et les enzymes antioxydantes. Nos objectifs 
étaient d'étudier comment le vieillissement affecte (i) la capacité redox de 
l'épididyme, la motilité des spermatozoïdes et l'intégrité de la chromatine dans 
les spermatozoïdes, ainsi que (ii) la susceptibilité de ces paramètres à un stress 
oxydant in vivo et in vitro. Des segments de la tête, du corps et de la queue des 
épididymes de rats (Brown Norway) jeunes ou âgés ont été collectés et le 
glutathion et les activités enzymatiques antioxydantes ont été mesurés. L'étude 
de la motilité des spermatozoïdes a été réalisées sur des échantillons prélevés 
au niveau de la queue de l'épididyme alors que l'intégrité de la chromatine a été 
étudiée dans des spermatozoïdes provenant du corps et de la queue de 
l'épididyme, Le stress oxydant a été induit in vivo par l'administration systémique 
pendant sept jours de L-buthionine-8,R-sulfoximine (B80), un inhibiteur de la 
synthèse de glutathion, et in vitro en incubant les spermatozoïdes avec 
l'hydrogène peroxyde (H20 2). Nos résultats montrent que la capacité redox au 
niveau de la queue de l'épididyme est altérée avec l'âge, l'équilibre étant décalé 
en faveur de la conservation du glutathion. La chromatine des spermatozoïdes 
est aussi plus compactée, plus résistante à la dissociation et la qualité de l'ADN 
est diminuée avec l'âge. De plus, les spermatozoïdes prélèvés chez des rats 
âgés contiennent moins de thiols et de liaisons disulfides, qui était dû à l'aspect 
d'une population contenant des niveaux très faibles de thiol. Après 
administration de B80 le recyclage du glutathion est augmenté et les voies 
alternatives sont activées dans tout l'épididyme. Cette réponse est 
particulièrement observée au niveau du corps de l'épididyme sans influence de 
l'âge, tandis qu'elle est influencée par l'âge dans la queue de l'épididyme. Après 
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le traitement de BSO, la motilité des spermatozoïdes est diminuée, en particulier 
chez les animaux âgés. L'exposition au BSO et H202 a montré que les 
spermatozoïdes de la queue de l'épididyme de rats âgés ont une sensibilité 
unique à leurs effets combinés. La qualité des spermatozoïdes est donc altérée 
en fonction de l'âge et en fonction du segment de l'épididyme, probablement dû 
à l'effet du vieillissement sur les fonctions de la queue de l'épididyme. Enfin, la 
sensibilité au stress oxydatif est aussi augmentée avec l'âge altérant les 
spermatozoïdes, au niveau de la chromatine et de la motilité. 
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Chapter 1 
Introduction 
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1. The male reproductive system 
The male reproductive system is a powerhouse of activity, where a series of well-
coordinated events leads to the production of spermatozoa - one of the essential 
elements to mammalian fertility. Science has made dramatic progress in 
understanding the male reproductive system since the 1600's: in those days 
Niklaas Hartsoeker summarized the belief of his time with a drawing of a 
spermatozoon containing a miniature baby (Figure 1). Centuries of research 
have shed light on the inner workings of this mysterious system and have 
enabled us to appreciate its many diverse processes. 
This thesis introduction examines several aspects of the male reproductive 
system, with particular focus on spermatozoal chromatin, motility and the role of 
the epididymis in spermatozoal maturation and protection. It also discusses the 
male reproductive system in the context of aging and oxidative stress, providing 
the necessary background for the experiments in the following chapters. 
1.1 The testes 
The testes make up the core of the male reproductive system. In mammals 
these organs are located outside of the body, suspended in a sc rota 1 sac below 
the abdomen. They are composed of long, thin tubules termed the seminiferous 
tubules, which are the site of spermatozoa production, termed spermatogenesis. 
The seminiferous tubules and interstitial tissue are enveloped by a tough 
testicular capsule called the tunica albuginea, composed of elastic fibers and 
collagen (2). The most abundant cells found in the interstitial tissues are the 
steroid-producing Leydig cells. Another major cell type found in the testes are 
the large non-dividing cells located at the base of the seminiferous tube 
epithelium, called Sertoli cells, which control the seminiferous tubule environment 
and support developing spermatozoa (3). 
21 
Figure 1. An early drawing of a spermatozoon. Niklaas 
Hartsoeker iIIustrates the hypothesis that the spermatozoon 
contains a miniature human inside (1 ). 
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Spermatogenesis is a process that is regulated by the hypothalamic-pituitary-
testes axis. The hypothalamus secretes gonadotropin releasing hormone which 
stimulates the pituitary to secrete luteinizing hormone (LH) and follicle-stimulating 
hormone (FSH). These hormones affect the testes, where LH stimulates Leydig 
cells to produce testosterone and FSH controls Sertoli ce Il function. 
Testosterone produced by the Leydig cells also acts as a regulator of Sertoli 
cells, as weil as most other aspects of the male reproductive system. (4,5). 
1.1.1 Spermatogenesis 
The base of the seminiferous tubule epithelium contains germ cells 
(spermatogonia) which are surrounded by Sertoli cells. Not only do Sertoli cells 
sustain the germ cells, but they also form tight junctions between themselves and 
between endothelial cells to create the blood-testis barrier. Spermatogonia 
undergo several mitotic divisions followed by two meiotic divisions to produce 
haploid spermatids (6). Spermatids then proceed to the final stages of 
spermatogenesis, termed spermiogenesis (7), which is where events important to 
spermatozoa DNA packaging take place. 
1.1.2 Spermiogenesis 
ln the rat, spermiogenesis (Figure 2) is divided into 19 steps based on 
morphological criteria and encompasses the progression from round to 
elongating and then to condensing spermatids to finally produce spermatozoa. 
Once spermatids reach step 11 of development the histones become 
hyperacetylated (8), this hyperacetylation occurring primarily on histone 4 (8-10). 
Hyperacetylation allows for histones to become displaced and replaced by 
transition proteins (TPs). Very little is known about TPs in humans and most 
studies are do ne in rodent models. Rodents have two transition proteins, TP1 
and TP2, which are highly basic arginine rich molecules. There remains some 
controversy regarding the exact stage at which these proteins appear in 
24 
spermatozoa, but there is general consensus that they are localized to the nuclei 
of elongating and condensing spermatids. (11-13) .. 
1.1.3 Protamination 
ln step 1 round spermatids to step 4 elongating spermatids, the RNA for another 
nuclear protein, called protamine, is detected (15,16). In human, mouse, rabbit 
and stallion spermatozoa there are two forms of protamine (protamine 1 and 
protamine 2), whereas rat, bull and guinea pig only have protamine 1 (17-19). 
Protamines are cysteine-rich proteins that replace TPs at about step 15-16 of 
spermiogenesis (20) and eventually allow the DNA of spermatozoa to take on its 
unique packaging. An important contribution to understanding DNA packaging in 
spermatozoa was made by Balhorn in 1982, where he proposed a model for 
DNA-protamine interactions. The major elements of his model were that, after 
being synthesized, phosphorylated protamines are deposited onto DNA, where 
they acquire their tertiary structure and become dephosphorylated (21). Through 
disulfide bridges, hydrogen bonds and hydrophobie interactions protamines bind 
to the minor groove of DNA and also hydrogen-bond to sites inside the major 
groove. It is believed that C- and N- terminais of adjacent protamines are 
positioned next to each other, allowing disulfide binding between them, thus 
stabilizing the protamine-DNA complex. According to this model the protamine-
DNA complex of one strand would fit into the major groove of another DNA 
strand, resulting in a side-by-side linear DNA arrangement instead of the 
supercoiling observed in DNA found in somatic cells. 
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Figure 2. Spermatogenesis (14). Spermatogonia proliferate into 
spermatocytes, which undergo meiosis and become spermatids. 
Spermiogenesis defines the period of spermatid differentiation from 
step 1 to step 19. 
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ln 1993 8alhorn's group made another significant contribution to understanding 
spermatozoal DNA packaging by elucidating the tertiary structure of 
spermatozoal DNA (22). Using atomic force microscopy they showed that the 
chromatin of spermatozoa is organized into toroidal structures which contain 
about 60 kb of DNA and have an outer diameter of 900 A and inner diameter of 
150 A. A summary of 8alhorn's model, which included histone displacement, 
transition protein involvement and DNA tertiary structure was published in a 2001 
Nature Genetics review (23) and it is reproduced in this thesis as Figure 3. 
This unique packaging allows spermatozoal nuclei to occupy a mere 10% of the 
volume of somatic cell nuclei. The refore, it is widely accepted that histones are 
replaced by protamines in order to give the spermatozoa a more hydrodynamic 
structure, thus facilitating their travel through the female reproductive tract. 
Additionally, the tight structure makes the spermatozoa transcriptionally inert and 
should minimize the penetration of damaging agents into its DNA. 
1.2 The epididymis -
The epididymis, an organ that is connected to the testis, is made up of a single 
long, convoluted tubule. Depending on the species, it takes anywhere from 3 to 
10 days for spermatozoa to progress from the start to the end of the epididymis. 
During this progression they complete their maturation, which consists of 
shedding of the cytoplasmic droplet, surface modifications (such as protein 
transfer from epididymal lumen to spermatozoal surface and membrane lipid 
modifications) and DNA cross-linking. At this point they also gain the ability to 
swim and to capacitate upon reaching the oocyte (24,25). 
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Figure 3. Comparison of ehromatin packaging in somatic cells and 
spermatozoa. Somatie cell DNA is wound around histones to form 
a solenoid loop, whereas in spermatozoa the histones are replaced 
by protamines, resulting in a more compact donut-like structure. 
The main events involved with histone-to-protamine exchange are 
shown in the center (23). 
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The epididymis can be divided into four morphologically and functionally distinct 
segments, terrned the initial segment, caput, corpus and cauda epididymidis. 
Each region has a characteristic appearance and plays a unique role in 
spermatozoal maturation. The main cell types found in the epididymis are the 
principal, basal, apical, halo, clear, and narrow cells, and the distribution of 
these cells varies along the organ (26). The epididymal tubule is also 
surrounded by myoid cells which help to move luminal contents. One of the 
distinguishing features of epididymal cells is that they form tight junctions which 
create the blood-epididymis barrier. This is similar to the blood-testis barrier, 
and helps protect maturing spermatozoa from the harmful effects of xenobiotics, 
toxins and oxidants (26,27). 
The segment-specifie microenvironment maintained by the epididymis is crucial 
to the spermatozoa's maturation. Its key features have been summarized in a 
number of reviews, and they include control of intraluminal proteins, osmolarity, 
pH and also fluid reabsorption from the tubules, thus concentrating the 
spermatozoa and completing the remodeling events necessary for spermatozoa 
maturation (26,28,29). Another function of the epididymis is to tightly regulate 
the spermatozoa reduction-oxidation environment - a role that will be discussed 
later. 
1.2.1 Spermatozoal motility 
Motility is one of the more important spermatozoa characteristics. While some 
artificial insemination techniques are able to use immotile spermatozoa for 
fertilization, motile spermatozoa continue to result in more successful progeny 
outcomes and remain essential for natural conception. 
Spermatozoa are capable of moving due to their unique structure: the cell head 
is connected to a tail, which can be further divided into the midpiece, principal 
piece and end piece regions. There have been many studies done on 
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spermatozoal tail structure and on the mechanisms by which it propels the 
spermatozoon forward. The findings frQm these studies have been summarized 
in a recent review (30). The tail has an axoneme with a 9+2 microtubule 
organization, which is similar to the structure of cilia and flagella (Figure 4). 
Along each of the 9 doublets there are inner and outer dynein arms that have 
ATPase activity. Repetitive formation and breakage of dynein bridges allows the 
microtubules to move and create flagellar displacement. 
The spermatozoal axoneme is surrounded by accessory dense fibers and a 
fibrous sheath; these provide the structural support and stability necessary to 
increase the bending force of the axoneme (31). Another function of the fibrous 
sheath is to supply the tail with ATP. Mitochondria are located only in the tail 
midpiece, leaving the rest of the tail to find alternative sources of ATP. It remains 
unclear how exactly ATP is supplied throughout the tail, but the fibrous sheath 
has been found to have an active glycolytic pathway, which might be playing an 
important role (32). 
Upon entering the epididymis spermatozoa have some motility, but they are 
limited to moving in a circular motion and are unable to progress along a straight 
line. During the time spent in the epididymis, spermatozoa acquire progressive 
motility as a result of a number of modifications. For example, proteins in the 
fibrous sheath accumulate disulfide bonds; this modification making the tail 
stiffer, allowing the spermatozoa to achieve progressive forward motility (33,34). 
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Figure 4. Cross-section of a spermatozoon. Spermatozoon (A) 
with cross-sections of the midpiece (B), principal (C) and end piece 
(0) regions. PM denotes plasma membrane; MS, mitochondrial 
sheath; ODF, outer dense fibers; OMDA, outer microtubule 
doublets of the axoneme; DA, dynein arms; RS, radial spokes; CP, 
central pair of microtubule doublets; LC, longitudinal columns of the 
fibrous sheath; TR, transverse ribs. (30). 
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Spermatozoal motility is also highly dependent on calcium, where varying the 
extracellular calcium concentration has been shown to cause dramatic changes 
in flagellar bending (35). In addition, calcium levels in mature spermatozoa from 
the cauda epididymidis are about 6 fold lower than in immature spermatozoa 
from the caput epididymidis (36,37). This decrease in calcium is inversely 
related to the ability of spermatozoa to respond to cAMP (37), which induces 
phosphorylation of flagellar proteins and improves motility in mature 
spermatozoa (38-40). There are other factors, such as spermatozoal 
concentration, bicarbonate and pH, which are postulated to play a role in 
spermatozoal motility. The relationships between these factors and motility are 
discussed in a recent review (41), but their exact effects on spermatozoa remain 
to be clarified. 
1.2.2 Capacitation of spermatozoa 
The changes in calcium and cAMP signaling during epididymal maturation also 
play a role in the ability of mature spermatozoa to capacitate. Capacitation is an 
event that occurs in spermatozoa, enabling them to undergo hyperactivation and 
the acrosome reaction. These changes encompass altered intracellular ion 
concentration, metabolism and membrane fluidity. This process was first 
described in 1951 (42,43) and was considered to be a function of time that 
spermatozoa spent in the female reproductive tract. However, closer 
examination revealed that it is dependent on severa 1 distinct processes, such as 
increased intracellular pH and calcium concentrations, removal of membrane 
cholesterol and the presence of reactive oxidative species (ROS) - processes 
that have been summarized in several reviews (44-46). Each of these plays a 
role in capacitating spermatozoa, but it appears the presence of ROS alone can 
be sufficient to initiate ail of these pathways (46). Once capacitated, 
spermatozoa become hyperactivated and can acrosome react. Figure 5 
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summarizes the changes occurring during the journey of spermatozoa along the 
female reproductive tract. 
Hyperactivation refers to a motility pattern that is normally observed at the time 
that spermatozoa try to penetrate an oocyte. It has been described as "non-
progressive, vigorous, whiplash type, frantic, and high amplitude" (45), during 
which spermatozoa undergo greater flagellar bending and asymmetrical 
movement (48). Hyperactivation helps spermatozoa in their final swim towards 
the oocyte and is essential for penetration of the zona pellucida. The acrosome 
reaction occurs when the acrosome binds to the zona pellucida of the oocyte and 
releases its enzymatic contents, such as hyaluronidase and acrosin, to digest the 
zona pellucida glycoproteins and aid in spermatozoa fusion with the oolema (25). 
1.3 Accessory sex organs 
While some epididymal luminal fluid is ejaculated along with the spermatozoa, it 
accounts for only about 5% of the ejaculatory volume. The rest of the volume is 
made up of secretions from the seminal vesicles, prostate and bulbourethral 
glands. 
The seminal vesicles are large sac-like glands that can be found on either side of 
the reproductive tract and which provide 65% of the ejaculatory volume. Their 
secretions differ slightly depending on the species, but consistently involve 
factors for enhancing spermatozoal motility (such as bicarbonate, prolactin and 
fructose), for inducing contractions of the female reproductive tract 
(prostaglandins), th us aiding spermatozoa transport and antioxidant enzymes 
(49-51 ). 
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Figure 5. Sequence of events from the time spermatozoa leave 
the testes to when they fertilize the oocyte. Spermatozoa acquire 
progressive motility in the epididymis, but when spermatozoa 
encounter the oocyte they undergo capacitation and progressive 
motility is replaced by hyperactivated motility (47). 
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The prostate contributes about 35% of the total ejaculatory volume and its 
secretions contain many en~ymes and proteins that play an important role in 
natural conception. The alkaline nature of the fluid protects the spermatozoa 
from the acidic environment of the female reproductive tract. Prostatic specific 
antigen is a serine protease that aids in liquification of the seminal fluid. The 
prostate also secretes membrane-bound vesicles termed prostasomes - the 
exact physiological role of these vesicles is not yet understood, but they contain 
a number of enzymes and high levels of calcium and have been shown to play a 
role in spermatozoa motility. The prostasome is known to interact with 
spermatozoa, where the two fuse and appear to undergo cholesterol and calcium 
transfers that regulate spermatozoal motility and ability to capacitate (52,53). 
Secretions from the bulbourethral glands also contribute to the seminal fluid, but 
they compose less than 5% of the total ejaculate volume. The role of this fluid is 
primarily to lubricate of the male reproductive tract prior to ejaculation and to 
neutralize any traces of urine remaining in the urethra (54). 
2. Aging 
2.1 Demographie trends 
Science and medicine are quickly breaking the stigma associated with advanced 
age. With the help of modern medicine and technology people are living longer, 
healthier lives (55). A report prepared by the Population Division (UN -
Department of Economic and Social Affairs) (56) for the 2002 World Assembly on 
Ageing states that population aging (where the proportion of older individuals 
relative to young increases) was one of the most significant demographic events 
of the 20th century. This process is not limited to developed countries and is 
seen throughout the world today. 
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Figure 6. Population pyramids for North America, 1950-2050. 
Dlder individuals will compose a greater percentage of the total 
population over the next several decades (56). 
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The overall trend in North America is perhaps best explained with the aid of a 
population pyramid (Figure 6). It clearly shows that the average lite span for both 
men and women will continue to rise and that the overall percentage of the 
population will be increasingly composed of older individuals. 
2.2 Increasing parental age 
As a consequence of the changing demographics and social trends it is 
becoming more common for people to have children in their 30's and even 40's. 
This is reflected by an increase in the median age of first-time mothers, where, in 
a report on pregnancy age in the USA, it was found to have increased by 3.5 
years from 1970 to 2000 (57). The average age of fathers in the USA also 
increased: between 1980 to 1999 the number of children born to fathers between 
the ages of 35-45 increased by 26% (58). 
It has been long recognized that maternai age is one of the critical factors for 
successful progeny outcome (59,60). However, recent evidence suggests that 
paternal age also influences pregnancy. Studies on children born to older fathers 
are becoming more common and there is increasing evidence that male fertility, 
similar to that in the females, changes with age. 
2.3 Aging of the male reproductive system 
2.3.1 Andropause 
Andropause is defined as an age-related decline in male hormones, particularly 
testosterone, which begins to occur around the age of 60. It is manifested in 
many ways, the most common being hypogonadism, erectile dysfunction, 
depression and osteoporosis (61). Although therapy is still highly controversial, 
andropause can be corrected and even reversed by administration of 
testosterone, which is currently available in a wide range of preparations, such as 
pills, intramuscular injection or topical creams (62). 
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The age-dependent decline in testosterone appears to depend mainly on two 
factors: the decline in the amplitude of the LH pulse (63) and the aging of Leydig 
cells. With increasing age Leydig cells become less responsive to LH and may 
develop problems with cholesterol transport and have reduced activities of the 
cholesterol synthesizing enzymes (64), leading to decreased androgen 
production. 
2.3.2 Semen quality 
Several studies have attempted to answer the question of whether semen quality 
changes with age and their results have been summarized in reviews by Plas et 
al. (2000), Kidd et al. (2001) and Kuhnert and Nieschlag (2004). It would appear 
that there is concrete evidence for decreases in the motility of spermatozoa and 
semen volume and increases in spermatozoa with abnormal morphology with 
age. The evidence for changes in spermatozoa concentration, however, has 
been inconclusive. It has also been difficult to determine if the time to pregnancy 
increases with older men because of the many confounding factors, such as age 
of the female partner and frequency of intercourse (65-67). 
2.3.3 Genetic changes 
Spermatogonial division is continuous throughout a man's lifetime, as shown in 
Figure 7. In 1955 Penrose hypothesized that these numerous ce" divisions may 
cause an accumulation in spermatozoa mutations (68). Indeed, the mutation rate 
in male germ cells has since been found to be higher than in those of the female 
(69) and more recently there has been direct evidence that older men have a 
greater number of mutations in their spermatozoal DNA (70). 
Studies using the Big Blue (Lacl transgenic) mouse showed that there was a 
slight increase in germline mutations with age, but that they were less frequent 
than in liver and adipose tissue (71,72). A particularly interesting finding was that 
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the nature of the mutations became altered with age, where there was an 
increase in transversions and the changes were no longer localized to hotspots 
(73). The nature of DNA repair in germ cells also changed, where base excision 
repair was decreased in older mice but apurinic/apyrimidinic endonuclease 
activities increased (74). Studies in humans found DNA breaks in mature 
spermatozoa to be dramatically increased with age (75). 
There is a wealth of data to link advanced paternal age with genetic problems in 
the offspring, which have been summarized in a number of reviews (67,76,77). 
They show a clear correlation between paternal age and conditions such as 
achondroplasia, schizophrenia, Apert's, Crouzon and Pfeiffer syndromes. What 
is interesting is that genetic analysis in humans has not revealed significant 
increases in mutations for sorne of these genes. This leads to the speculation 
that the mutations may give spermatozoa a selective advantage for fertilizing the 
oocyte (why this would be age-dependent remains unclear), or that the 
techniques that have been used to detect the mutations are not sufficiently 
sensitive at the present time (76,78,79). In addition to the genetic issues, 
epidemiological evidence also suggests that a pregnancy resulting from older 
fathers is at higher risk of preterm birth (80). As a result of ail these findings the 
American Society of Reproductive Medicine recommended, in 1990, that the 
maximum spermatozoa donor age be capped at 50 years, a guideline which was 
lowered to 40 years in 1998. 
The process of spermatogenesis itself is also affected by aging. Sertoli cells 
have been shown to succumb to the aging process and Sertoli cell-germ cell 
interactions diminish with age, thus contributing to germ cell loss and testicular 
regression that occurs with aging (81). There is a thickening of the basal 
membrane (82,83), breakdown of the blood-testis barrier (84), and 
atherosclerosis (85) in the testes. Furthermore, sorne studies have reported a 
reduced apoptotic rate of spermatozoa in aging testes, suggesting that more of 
imperfect and aneuploid spermatozoa are produced (83,86). 
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Figure 7. Comparison of the number of cell divisions in female and 
male germ cells over time. Oogonia complete mitosis before the 
female is born. In contrast, spermatogonia continuously undergo 
mitotic divisions after the male has reached sexual maturity. Sorne 
spermatogonia will differentiate into spermatozoa, but others are 
used to replenish the germ cells, thus over time creating a 
population of cells that have undergone a very high number of 
divisions and have a higher chance or carrying DNA mutations (69). 
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3. Oxidative stress 
The field of oxidative stress research is relatively new, but it has enjoyed rapid 
growth over the past couple of decades. It focuses on the balance between 
oxidants and anti-oxidants and how they affect tissues and organs. The main 
regulators of this balance are the many enzymes and proteins that catalyze the 
oxidative processes and which have differential expression and activity 
depending on the system in question. 
3.1 Oxidants 
An oxidizing agent usually belongs to the ROS family of molecules, which are 
free radicals that contain an oxygen moiety and unpaired electrons, making them 
very unstable. This property makes ROS damaging to many living systems, as 
they will readily take hydrogen atoms from Iipids, proteins and DNA to fulfill the 
electron requirement of their outermost shell (87). Examples of ROS include 
the superoxide anion (02.-) and the hydroxyl radical (OH'). 
ROS can be produced through numerous reactions in the atmosphere, plants, 
animais and bacteria and also in vitro. It has become widely accepted that the 
main source of ROS in mammalian cells comes from the mitochondrial electron 
transfer chain. Several recent reviews describe the process by which the 
mitochondria generate the O2'- anion, which can then become converted to 
hydrogen peroxide (H202) (88,89). H202 is not a free radical and is not 
particularly reactive on its own. However, it can diffuse through membranes 
quickly and, in the presence of transition metal ions (such as Cu+ and Fe2+), it will 
rapidly undergo the Fenton and Haber-Weiss reaction (below) to form the OH' 
radical, which is the most reactive of ail known ROS. 
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The Fenton and Haber-Weiss reactions: 
Fenton reaction: Fe3+ + 01-:1- + OH' 
Haber-Weiss reaction: Fe3+ + 02 + OH- + OH' 
ROS can also be abundantly produced by the NADPH oxidase enzyme in 
activated leukocytes (macrophages and neutrophils) during what is known as an 
"oxidative burst". The immune system depends heavily on this ROS production, 
where leukocytes will produce the O2'- anion and other ROS in order to destroy 
phagocytosed bacteria (90,91). Sorne of the other common sources of cellular 
ROS are O2'- produced by a reaction involving the xanthine oxidase enzyme 
(which may play a role in heart disease and cellular apoptosis), nitric oxide 
synthesized by the nitric oxide synthase enzymes and spontaneous oxidation 
reactions (87). 
3.2 Damage induced by excess oxidation 
Excessive production of oxidants can damage cellular integrity by reacting with 
lipids, proteins and DNA. Fatty acids found in lipid membranes are particularly 
susceptible to the effects of ROS, as they contain side chains rich in hydrogen 
molecules. Oxidation of one fatty acid can trigger a chain reaction, where the 
ensuing free radical will react with surrounding fatty acids to propagate more free 
radicals. Once started, this process will continue on its own until the free radicals 
can pair to form stable covalent bonds. However, by this point the lipids will be 
extensively damaged and the membrane could lose sorne of its functions (92). In 
sorne cases the damaged lipids can be removed by being converted to alcohol 
by phospholipid hydroperoxide glutathione peroxidase or they can be first 
c1eaved by phospholipase A2 and then repaired by glutathione peroxidase 
(93,94). 
Oxidation reactions also affect protein integrity. In a review by Requena et al. 
(2003) it was stated that 55-100% of oxidized proteins will become protein 
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carbonyls, which will eventually become destroyed through protein degradation 
pathways (95). If left in the cell, oxidized protein will cause cellular malfunction 
and could lead to disease. 
DNA is susceptible to a number of oxidative modifications, of which the 8-
hydroxydeoxyguanyl (8-0HdG) modification is probably the most common. 
These modifications are dangerous as they can interfere with cell function or 
become mutagenic. Fortunately, both base excision repair and nucleotide 
excision repair systems will attempt to restore the nucleotide by removal of the 
modification (87). 
3.3 Antioxidants 
ROS exist in ail cells, making it essential to control their levels and to prevent 
excessive oxidative reactions from damaging the cell (a state known as oxidative 
stress). The regulation of ROS is achieved through a set of reactions involving 
antioxidants, which encompass both enzymes and non-protein thiols. The more 
abundant antioxidant enzymes include superoxide dismutase (SaD), catalase 
(CAT), glutathione reductase (GR), glutathione peroxidase (GPx) and glutathione 
S-transferase (GST). Glutathione and thioredoxin constitute important non-
protein thiols that serve as antioxidants. Antioxidants can also be obtained 
through the diet and include vitamin E, vitamin C and vitamin A. 
Glutathione is regarded as the body's 'master antioxidant' as it is ubiquitously 
found in very high concentration in animal cells (96). The synthesis of 
glutathione was first described by Meister in 1973 (97) and is summarized in 
Figure 9. It begins by the conjugation of glutamic acid and cysteine by the rate-
limiting enzyme y-glutamyl-cysteine synthetase. This is followed by an addition 
of glycine by glutathione synthetase to form the tri-peptide non-protein thiol 
glutathione. 
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Once synthesized, glutathione becomes the center of anti-oxidant reactions 
catalyzed by the enzymes GPx, GR and GST (Figure 8) (87). GPx catalyzes the 
reaction where reduced glutathione (GSH) becomes oxidized (GSSG), 
converting H202 to water in the process. Oxidized glutathione can then be 
recycled back to its reduced form by the enzyme GR. GST also uses 
glutathione, conjugating it with electrophilic xenobiotics (foreign compounds) as 
part of xenobiotic metabolism. 
As weil as OHo, the 0 2
0
- anion can also be very toxic to cells and thus the enzyme 
SOD has the task of eliminating it. There are several known isoforms of SOD, of 
which Copper-Zinc SOD (Cu-Zn SOD) and Manganese SOD (Mn SOD) are the 
most abundant. Cu-Zn SOD is typically located in the cytosol, while Mn SOD is 
in the mitochondria. Both enzymes catalyze essentially the same reaction, 
where 02 0 - becomes dismutated into oxygen and H202 (87). However, we have 
already mentioned that H20 2 has oxidative properties; therefore SOD is often 
regarded as both an anti- and pro-oxidant. The key determining factor is the 
presence of other antioxidant enzymes, which can act in the removal of H20 2. 
One such enzyme which removes H202 is CAT; it catalyses the dismutation of 
H20 2 into water and oxygen. CAT is found in ail cells, but is particularly active in 
peroxisomes. This is because peroxisomes generate H20 2, and therefore 
require a CAT to safely remove the oxidant (98,99). 
304 Modulation of oxidative stress 
The delicate balance between oxidants and antioxidants that exists in every 
organism can be dramatically affected by various external factors. 
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Figure 8. A summary of the interactions between antioxidant 
enzymes, cofactors, non-protein thiols and ROS. 
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3.4.1 External pro-oxidants 
Many drugs and other compounds will produce free radicals when they are 
metabolized. Some of the more widely used drugs include antibiotics (100-102) 
and acetaminophen (103-105) , while pro-oxidant chemicals include the popular 
herbicide paraquat (106,107) and industrial solvents such as phorone (108-110). 
Cigarette smoke has also been shown to dramatically increase the body's 
oxidant load and numerous reviews have been published on the relationship 
between cigarette smoke and the presence of oxidative damage (111-113). 
ln most cases it is undesirable to increase the oxidative load, but there exist 
situations where this can be of great advantage. One such example is cancer 
therapy. It has been shown that glutathione is often upregulated in tumors, 
providing oxidative protection and increased resistance to anti-cancer drugs, as 
summarized in a recent review by Balendiran et al. (2004) (114). Therefore, 
administration of an oxidant can be beneficial to treatment efficacy. Buthione 
sulfoximine (BSO) is a well-tolerated oxidizing drug that can be used for 
extended periods in both humans and animais. It was developed by Griffith and 
Meister in 1979 (115) as an inhibitor of y-glutamylcysteine synthetase, the rate-
limiting enzyme in glutathione synthesis, thus depleting intracellular glutathione 
(Figure 9). BSO is currently being used in laboratory studies (116,117) and also 
clinical trials (118,119) to establish its benefit in cancer treatment. It is also 
commonly used in in vivo studies, where it can be applied as a pre-treatment to 
understand the actions of another drug. In addition it can also be used 
chronically in studies on extensive oxidant exposure. 
The ability to mimic oxidative stress in in vitro conditions is also an important 
research tool. Some of the oxidants commonly used for this purpose include 
H20 2, xanthine/xanthine oxidase and NADPH (120-124). Of the se H20 2 is by far 
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the most popular, which is most likely due to the convenience associated with its 
use; it is available in liquid ~orm, and the dosing can be easily controlled. 
3.4.2 External antioxidants 
As stated earlier, antioxidants can be obtained through the diet. Studies on 
humans and other mammals have shown a wide range of health benefits as a 
result of consumption of vitamin E (the most powerful form being O-alpha-
tocopherol), vitamin C (ascorbic acid), vitamin A (where the precursor is beta-
carotene) and selenium (125-130). These are electron-donors which provide 
electrons to complement the unpaired electrons in free radicals, thereby 
decreasing the organism's ROS levels. 
The use of antioxidants in medicine is an expanding field. In certain diseases 
(such as AlOS and COPO) the administration of antioxidants has been shown to 
alleviate symptoms and improve survival (131,132). Overa Il , the benefits of 
antioxidants are being studied in a growing number of conditions, which include 
cardiovascular disease and cancer prevention and therapy (133,134). While 
sorne of the studies rely on increasing dietary antioxidants, better results were 
achieved with extensive antioxidant supplementation using pharmaceutical 
preparations, which include the synthetic thiols N-acetylcysteine and glutathione 
monoethyl ester (135-137). 
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Figure 9. Glutathione (GSH) synthesis and BSO action on the 
pathway. BSO depletes glutathione by inhibiting the enzyme y-
glutamylcysteine synthetase. 
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4. Oxidative stress and aging 
Although several theories have been proposed to understand the molecular 
pro cesses that underlie aging, the greatest consensus achieved thus far is in 
support of the free radical/mitochondrial theory of aging. The free radical theory 
of aging (FRTA) was first proposed by Harman in 1956 (138). He suggested that 
aging is associated with increased production of oxidants, concomitant with 
decreased anti-oxidant potential, leading to an accumulation of oxidant-modified 
molecules. Several years later he refined the theory and formulated the 
mitochondrial theory of aging (MTA) (139), which pointed to the slow 
accumulation of damaged mitochondria as the main reason for increased oxidant 
production. Today the terms "free radical theory of aging" and "mitochondrial 
theory of aging" are often used interchangeably and liUle distinction is made 
between them. 
Over the past 30 years evidence to support the FRT A/MT A theories have 
steadily increased as many novel discoveries have been made in the field. For 
example, it has been shown repeatedly that markers of cellular oxidative 
damage, such as lipid oxidation and 8-0HdG DNA modifications, increase with 
age (140-142). But perhaps the strongest evidence in support of the these 
theories was proved by Orr and Sohal, where they overexpressed the antioxidant 
enzymes CA T and Cu-Zn SOD in Drosophila melanogaster, resulting in a 
dramatic increase in the insect's life span (143,144). 
4.1 Mitochondria as ROS generator 
Mitochondria are organelles that provide the main source of cellular energy. 
They have a smooth outer membrane and a folded inner membrane, which is 
also the site of oxidative phosphorylation. The inner space of the mitochondria is 
called the matrix and this is the site of the tricarboxylic acid cycle, the citric acid 
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cycle (both involved in oxidative metabolism) and, ultimately, the location of 
mitochondrial DNA (mtDNA). 
Oxidative phosphorylation (Figure 10) is the major culprit involved in production 
of excessive ROS, where it has been estimated that between 1-5% of consumed 
oxygen is converted to 0 2
0
-, H20 2 and other ROS (145). The main areas where 
ROS are generated are believed to be complex 1 (NADH coenzyme Q reductase) 
and complex III (ubiquinol cytochrome c reductase) (146), where several poorly 
understood side chain reactions result in the production of the 0 2
0
- radical. 
Mitochondria are particularly sensitive to damage with age because their DNA is 
not protected by histones or protamines, gets replicated rapidly, is not proof-read, 
and has a relative lack of DNA repair activity, leaving mtDNA being particularly 
vulnerable to mutations and deletions (145). In addition, the organelle is 
surrounded by an extensive lipid bilayer, which is sensitive to lipid peroxidation. 
These factors combined indicate that mtDNA will accumulate oxidative damage 
more readily than genomic DNA - something that has been demonstrated in 
several studies and is summarized in the review by Wei et al. (1998) (145). This 
creates a cycle, whereby greater mitochondrion damage results in greater ROS 
production, which in turn further damages the mitochondrion. It has recently 
been shown that complex l, particularly, becomes increasingly leaky to 0 2
0
- over 
time (148), but greater understanding of how aging and mtDNA damage correlate 
to increased oxidant production remains to be achieved. 
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Figure 10. Model for ROS generation in the mitochondria inner 
membrane. The top compartment represents the intermembrane 
space and the botlom one the mitochondrial matrix. The main sites 
for O2'- production are oxidative phosphorylation complexes 1 and 
III, where complex 1 has the highest potential for reducing oxygen 
(147). 
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Studies are currently underway to reverse the effects of aging on mitochondria by 
antioxidant supplementation (149,150). The initial results of these studies 
appear promising, where some decrease in oxidative damage markers has been 
observed, once again strengthening the argument for the FRTAIMTA. 
4.2 Other theories of aging 
It would be disingenuous at this point to omit some of the other prevalent theories 
on aging. One of the oldest theories was proposed by Weismann in 1882, 
where he stated that aging resulted from the body being overused and abused 
with time (151). This theory was later refined as the neuroendocrine theory of 
aging, where aging became attributed to changes in the functions of the 
hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes, resulting 
in decreased adrenal response and decreased hormone production. 
Another, more recent view of aging, is the cell senescence/telomere hypothesis. 
It was formulated in 1965 when Hayflick observed that cells in culture had a 
limited capacity for replication (152). Later this replicative arrest was shown to 
be due to a replication-dependent decrease in telomere length, which, after 
decreasing to a certain point, resulted in cell senescence and alterations in cell 
physiology, possibly predisposing the organism to cancer and other changes 
associated with age. These and other aging hypotheses have been summarized 
in several reviews, such as the one by Weinert and Timiras (153). While 
FRT A/MT A remains the most widely acknowledged theory of aging, it is likely 
that ail of the factors play some role in the aging phenomenon. 
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5. ROS and spermatozoa 
5.1 Effects of ex cess ROS on the male reproductive system 
Spermatozoa are very sensitive to the damaging effects of free radicals due to 
the high quantities of polyunsaturated fatty acids (PUFAs) in their membranes. 
The effects of elevated oxidant levels on spermatozoa Iipid membranes are weil 
documented and have been summarized in several comprehensive reviews 
(154,155). In brief, exposure to oxidants results in spermatozoa membrane 
damage, which can cause a loss of motility. Furthermore, PUFA oxidation, once 
initiated, can continue via a self-propagating reaction (87) that can cause 
massive cell dysfunction and, ultimately, damage to the DNA. 
DNA damage is particularly detrimental to spermatozoa for two reasons. First, 
they are the carriers of genetic information, which must remain intact for 
successful progeny outcome. Second, no evidence for DNA repair mechanisms 
has ever been found in spermatozoa (156), which suggest that any alterations in 
their DNA become permanent fixtures in the genome. The lack of DNA repair 
has been suggested to be due to repair factors being shed along with the 
spermatozoa cytoplasm and also to the exceedingly compact nuclear structure, 
which would hinder access of repair enzymes to the damaged site (157). 
Spermatozoa proteins are also susceptible to oxidative damage and a study by 
Lissak et al. (2004) found that elevated protein carbonyls in ejaculated human 
spermatozoa correlates with abnormal semen parameters (158). However, to 
the best of our knowledge, there are no other studies published at the present 
time that have examined protein carbonyls in spermatozoa. 
5.2 Origin of excess ROS in the male reproductive system 
Elevation in ROS in the male reproductive tract can have many causes. Two 
such causes that have already been discussed are the general increase that 
occurs as a result of aging, as weil the leukocyte "oxidative burst" that can 
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accompany bacterial infection. Bacterial infections of the male reproductive 
system are, indeed, fairly common. Some, such as epididymttis, occur in close 
proximity to spermatozoa and can result in massive oxidative damage to the cells 
(159). Other infections, such as those of the prostate, may cause activated 
leukocytes and ROS to become ejaculated along with the semen, where they too 
may endanger spermatozoal quality (160). The presence of seminal leukocytes 
becomes even more damaging when spermatozoa are used for a rtifi ci a 1 
insemination, as the preparation procedures concentrate the leukocytes and 
remove protective factors found in the sem en (160). 
While poor diet has not been directly implicated in diminishing spermatozoal 
quality, dietary supplementation with antioxidants appears to improve 
spermatozoal parameters in men with decreased fertility or in animal studies. In 
these studies antioxidant supplementation resulted in decreased spermatozoal 
lipid peroxidation, DNA damage and increasing motility and viability (161-165). 
5.3 Physiological role of ROS in spermatozoa 
So far we have discussed the negative effects ascribed to ROS and to oxidative 
reactions, but these processes also have an important regulatory role in normal 
spermatozoa physiology. They have been demonstrated to be critical to both the 
packaging of spermatozoal chromatin and in spermatozoal capacitation. 
5.3.1 Disulfide bonds - chromatin and tail stabilization 
The fa ct that protamines are capable of forming inter-protamine and DNA-
protamine disulfide bonds is an important factor in the packaging of spermatozoal 
DNA. The field of disulfide bond formation in nuclei of spermatozoa was 
pioneered by Calvin and Bedford. Between 1971 and 1974 they published a 
number of studies that collectively showed that as spermatozoa progress from 
the caput to the cauda epididymidis the amount of disulfide bonds increases 
(33,166,166-168). The increase in disulfides, together with a decrease in free 
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thiols, was later confirmed by other groups, who showed the ratio of free thiols to 
disulfides to go from about 4:1 in the caput to 1:4 in the cauda (169,170). 
The exact mechanism of thiol oxidation to disulfides is still not known, but several 
mediators have been identified. The most widely studied, and, perhaps, the most 
important, is the enzyme phospholipid hydroperoxide glutathione peroxidase 
(PHGPx), also referred to as glutathione peroxidase 4 (GPx4). It is localized to 
the spermatozoa nucleus, acrosome and midpiece and displays high oxidizing 
activity towards protamines isolated from spermatozoa of the caput epididymidis 
(171,172). In a recent study, a mouse nuclear PHGPx knock-out model showed 
defective chromatin condensation, abnormal nuclear morphology and 
dramatically decreased disulfide formation in spermatozoa (173), supporting the 
enzyme's crucial role in chromatin packaging. However, these mice remained 
fully fertile (173), which is surprising because PHGPx was been found to be low 
in spermatozoa from infertile males (174). In the midpiece, PHGPx accounts for 
50% of capsule rnaterial embedding the mitochondria, suggesting that this 
enzyme also has a structural role (175). Sorne of the other factors that may be 
involved in spermatozoal chromatin condensation include y-glutamyl 
transpeptidase, sulfhydryl oxidase and autoxidation in the presence of ROS 
(Figure 11) (176,177). 
As mentioned earlier, during the time spent in the epididymis proteins from the 
fibrous sheath in the spermatozoal tail also become oxidized and form disulfide 
bonds. These disulfide bonds stabilize the fibrous sheath, giving the tail the 
rigidity it needs to produce forward motility (33,34). It remains unclear what 
redox reactions drive the oxidation of the tail proteins, but the presence of 
PHGPx in the tail midpiece might play a raie. 
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Figure 11. Oxidative pro cesses believed to occur in the epididymal 
lumen and which play a role in protamine oxidation. Luminal 
oxidation reactions use ROS (highlighted by dark circles) for 
formation of GSSG, GSSe, and esse. These mixed nonprotein 
disulfides are used by the PHGPx enzyme and by other nuclear 
reactions for oxidation of protamine thiols to disulfides. GSH 
indicates glutathione; eSH, cysteine; GL Y, glycine; y -GLU, Y -
glutamate; y -GT, g-glutamyl transpeptidase; SaD, superoxide 
dismutase; PHGPx, hypoperoxide glutathione peroxidase; ROS, 
reactive oxygen species; and NPT, nonprotein thiol (178). 
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5.3.2 ROS in capacitation, hyperactivation and acrosome reaction 
Previously we mentioned that spermatozoal capacitation is initiated by ROS. 
The importance of ROS to spermatozoa is demonstrated by the fa ct that 
spermatozoa can be induced to capacitate, hyperactivate and acrosome-react by 
the addition of ROS in vitro, without any of the other events (such as the 
presence of zona pellucida) that are seen in vivo. Common ways of adding ROS 
to spermatozoal suspensions are by adding H20 2, or using the xanthine/xanthine 
oxidase O2.- generating system (45) or by administration of nitrogen species, 
such as spermine-NONOate to the buffer (179). 
The relationship between capacitation, hyperactivation, acrosome reaction and 
ROS has been widely studied and has been summarized in several reviews 
(46,180-182). While the sources of ROS in the female reproductive tract are not 
fully characterized, it is strongly believed that spermatozoa themselves may be 
important contributors. John MacLeod was the first to demonstrate, in 1943, that 
spermatozoa are capable of producing ROS by showing that spermatozoa 
retained their motility in the presence of oxygen only if CAT was added to the 
media (183). The main source of ROS in spermatozoa is likely to be the 
membrane-bound NADPH oxidase. This NADPH oxidase remains to be cloned, 
but it appears to be unique to spermatozoa and differs from the leukocyte 
enzyme by producing significantly less quantities of O2.- and having different 
factors regulating its activity (184). Another source of ROS in spermatozoa 
comes from the mitochondrial electron transport chain, but the contribution of this 
system to spermatozoa capacitation is yet to be investigated. 
Recently, capacitation has been shown to also be dependent on the free radical 
nitric oxide (NO·), which is produced by NO· synthase enzymes located in the 
spermatozoa head and tail (185,186). Its exact targets remain to be determined, 
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but NO· has now been implicated in capacitation, hyperactivation, acrosome 
re~ction and in spermatozoa motility (187). 
After spermatozoa are exposed to ROS at physiological concentrations, a 
signaling cascade is initiated, which causes Ca2+ influx, an increase in cAMP, 
activation of protein kinase A, protein tyrosine kinase, protein tyrosine 
phosphorylation and inhibition of protein tyrosine phosphatases. Ali of these 
appear to be necessary for spermatozoal capacitation and acrosome binding 
(188). 
5.4 Control of spermatozoal redox environment 
It is clear that, while excess ROS can threaten the integrity of spermatozoa, in 
controlled amounts they remain a necessity for successful fertilization. 
Therefore, many mechanisms exist in spermatozoa, the epididymis and the 
accessory sex organs to regulate oxidative processes. 
5.4.1 Spermatozoa 
When discussing antioxidants in spermatozoa, it is important to keep in mind the 
extremely small volume of a mature spermatozoon. They are virtually devoid of 
cytoplasm, making detection of proteins an exceedingly difficult task. 
Nonetheless, a handful of researchers have succeeded in studying the redox 
system in spermatozoa. 
A slew of antioxidant enzymes were measured in a study by Tramer et al, where 
they investigated the activities of PHGPx, GPx, GR, CAT, SOD and also vitamin 
E (189) in spermatozoa from the caput and cauda epididymidis. They found ail 
of the antioxidants were present at low concentrations, with some differences 
between spermatozoa from the two regions. These differences consisted 
primarily of increased activities of the enzymes PHGPx, GPx and SOD and also 
vitamin E in spermatozoa from the caput epididymidis, when compared with 
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those from the cauda region. It has been suggested that these differences reflect 
the need to oxidize protamine free thiols in caput epididymidis spermatozoa in 
order to achieve a stable, cross-Iinked chromatin structure. Several studies have 
demonstrated the presence of glutathione in spermatozoa (190,191) and showed 
it to be low in some populations of infertile men (192). A study on goat 
spermatozoa also found GST activity (193), but overall there remain painfully few 
studies on spermatozoa antioxidants. 
More data are available on the enzyme PHGPx in germ cells because, as 
discussed earlier, it is believed to have an important role in protamine oxidation, 
midpiece structure and tail stabilization in spermatozoa. Other than PHGPx, 
spermatozoal antioxidants have not been investigated immunohistochemically. 
However, since these cells lack appreciable amounts of cytoplasm and PHGPx 
has been predominantly localized to the midpiece (172), it is thought that the 
other antioxidants are also localized to the midpiece region (87). This would 
imply that the spermatozoa head and outer membrane is left with little antioxidant 
protection. 
5.4.2 The epididymis 
Epididymal antioxidants play a crucial role in protecting spermatozoa from 
oxidative insult. Many studies have focused on the GPx family, where the wealth 
of data on these enzymes has been recently summarized in a review by Vernet 
et al. (2004) (194). The enzyme GPx1 is present throughout the male 
reproductive tract and accounts for most of the activity measured in the 
epididymis. PHGPx (GPx4) is found in caput epididymal cells and has been 
shown to be androgen-regulated. Similarly, the levels of GPx5 are also 
particularly high in the caput epididymidis, where it is also under androgen 
control. It is also secreted by epididymal cells into the lumen and can become 
tightly associated with the spermatozoa outer membranes. 
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Other than the GPx enzymes, epididymal cells produce CAT, SOD, GST and 
indoleamine dioxygenase as reviewed by Hinton E;lt al. (1995) and Vernet et al. 
(2004) (194,195). The presence of CAT in the epididymis was controversial, as 
earlier studies were not able to detect it in the tissue. However, later it was found 
to be present at very low levels, putting in question its importance in oxidant 
control (196). SOD is also present in the epididymis, where Cu-Zn SOD is 
expressed at high levels throughout. Another, less common, secreted form of 
SOD (eSOD) has been detected in cauda epididymal cells and also associated 
with spermatozoa. An interesting enzyme that is present in the epididymis is 
indoleamine dioxygenase. This enzyme is better known as a tryptophan 
catabolizer than antioxidant, as its activity involves inserting a 02·- into the heme 
ring of tryptophan (87,197). This reaction effectively removes 02·-, but is 
dependent on the presence of tryptophan, the levels of which were found to be 
surprisingly high in the caput epididymidis (198). 
Very little is known about GR in the epididymis, except that its activity has been 
detected in homogenates of the caput, corpus and cauda epididymal segments in 
similar amounts (199,200). 
The expression of different subunits of the GST enzymes has been found in 
various ce Il types throughout the epididymis (201-203). Its widespread 
localization suggests that it has an important role in regulating oxidative stress 
and xenobiotic metabolism in this tissue. However, due to the many isoforms 
and broad specificity of the GST enzymes it becomes difficult to measure their 
activity and most studies are restricted to immunohistological examinations. 
Detection of antioxidant enzymes in epididymal lu minai fluids has proven difficult, 
as this requires the use of a micropuncture technique which would only allow 
small quantities of fluid to be collected. Nonetheless, this has been done in 
larger animais, such as the pig (204) and the stallion (205), where GPx was 
detected in the fluid. In the mouse, evidence for GPx5 secretion by the 
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epididymis is based on the fact that GPx5 is associated with spermatozoa 
recovered from the female reproductive tract (206). Similarly, SOD has. been 
found to be associated with the spermatozoa membrane in the rat, suggesting 
that it too is secreted by the epididymis (207). 
5.4.3 Accessory sex organs 
As we have seen, spermatozoa depend on the epididymis and its secretions for 
oxidative protection. But what happens after the spermatozoa are ejaculated? 
The primary contribution to semen volume comes from the seminal vesicles. 
Analyses of seminal vesicle secretions revealed that they contain high levels of 
antioxidants and antioxidant enzymes (SOD, CAT, GPx, GR, ascorbic acid, uric 
acid and thiols), highlighting the importance of oxidative control to spermatozoa 
(49,50). Additionally, several studies have found that removal of seminal 
vesicles results in decreased motility characteristics and decreased DNA integrity 
in spermatozoa, suggesting damage from uninhibited oxidative reactions (208-
210). 
Prostate-secreted prostasomes are also reported to affect ROS-producing cells 
in the seminal plasma and thereby decrease the overall ROS load, possibly by 
increasing the rigidity of neutrophil plasma membrane through cholesterol 
transfer and thereby affecting neutrophil function (211,212). 
6. Formulation of the project 
With the increase in life expectancy people are choosing to delay parenthood 
and the average age of first-time parents is on the rise. Comparatively few 
studies have investigated the change in male fertility with age, but there exists 
sufficient evidence to suggest that male fertility is not immune to the effects of 
aging. Still, little remains known about the physiological processes that underlie 
the observed changes and more studies are needed in this field. 
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Another area of the male reproductive field that is receiving increasing attention 
involves understanding the effects of ROS on male fertility. However, most 
studies have focused on using ROS on in vitro spermatozoal suspensions, and 
only a handful have looked at the effect of in vivo oxidative challenge on male 
reproductive parameters. Furthermore, there is a lack of studies that examine 
the effects of either in vivo or in vitro oxidative challenge on the male 
reproductive system and spermatozoal integrity in an aging organism. 
It is for these reasons that 1 chose to focus my thesis on epididymal redox status, 
as weil as spermatozoal motility, chromatin packaging and DNA integrity. By 
using an animal model of male reproductive aging 1 was able to investigate how 
the response differs between young and old animais and also to differentiate 
between in vivo oxidative challenge (BSO) and in vitro exposure to an oxidant 
(H20 2). 
6.1 Hypothesis 
My hypothesis is that there is a change in epididymal redox status, spermatozoal 
motility, spermatozoa chromatin packaging and DNA integrity with age and that 
these age-related changes become exacerbated by oxidative challenge. 
6.2 Objectives 
The objectives of this thesis can be divided into the following three questions: 
1. Does aging affect epididymal antioxidant parameters and epididymal 
spermatozoa motility and does the sensitivity of these parameters to in 
vivo oxidative challenge become altered with age? 
2. Are chromatin packaging and DNA integrity in mature spermatozoa 
altered with age and is the sensitivity of spermatozoal DNA to in vitro 
oxidative challenge affected by age? 
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3. Are chromatin packaging and DNA integrity in mature spermatozoa 
altered after in vivo oxidative challenge and does this response become 
altered with age? Furthermore, is the effect of in vitro oxidative challenge 
modified by the in vivo treatment? 
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1. Abstract 
Reactive oxygen species (ROS) play a role in male infertility, where excessive 
amounts impair spermatozoal motility. Epididymal anti-oxidant enzymes protect 
spermatozoa from oxidative damage in the epididymal lumen. Anti-oxidant 
secretions from the seminal vesicle protect spermatozoa after ejaculation. As it 
is known that with age there is increased generation of ROS, the goals of this 
study were to determine how aging affects the response of anti-oxidant enzymes 
in the epididymis, seminal vesicles and liver to L-buthionine-S,R-sulfoximine 
(8S0) mediated glutathione (GSH) depletion, and to examine the impact of GSH 
depletion on motility parameters of spermatozoa from the cauda epididymidis in 
young (4 month old) and old (21 month old) rats. Levels of GSH and glutathione 
disulfide (GSSG), as weil as activities of glutathione peroxidase, glutathione 
reductase, catalase and superoxide dismutase, were measured in the caput, 
corpus and cauda epididymidis, seminal vesicles and liver. Spermatozoal 
motility was assessed by computer assisted sperm analysis. Significant age-
related changes in antioxidant enzyme activities were found in the liver and 
cauda epididymidis. Glutathione depletion clearly affected tissues in both young 
and old. The compounding effect of age was most evident in the cauda 
epididymidis, seminal vesicles and liver, where antioxidant enzyme activities 
changed significantly. Additionally, spermatozoa motility was adversely affected 
after BSO treatment in both age groups, but significantly more so in older 
animais. In summary, the male reproductive tissues and liver undergo age-
related changes in anti-oxidant enzyme activities and in their response to GSH 
depletion. 
2. Introduction 
Oxidative stress, characterized by an excess of reactive oxygen species (ROS), 
is weil recognized to be associatied with male infertility [1]. The presence of a 
high level of ROS is linked with lipid peroxidation of the spermatozoal outer 
membrane, which leads to loss of motility [2], decreased sperm-oocyte fusion 
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capacity [3], and to increased chromatin damage [4]. Furthermore, once the 
integrity of spermatozoa becomes affected, spermatozoa are unabl~ to undergo 
repair, due to a deficiency in the enzyme systems required, thereby rendering 
male germ cells particularly susceptible to oxidative insult [5]. 
It is therefore crucial for the male reproductive system to be weil guarded against 
oxidative in jury. As a mean of protection from oxidative stress, spermatozoa 
contain antioxidant enzymes, such as glutathione peroxidase, superoxide 
dismutase, glutathione reductase, and catalase [6] as weil as glutathione (GSH) 
[7] (Figure 1). The epididymis also plays a major role in shielding spermatozoa 
from oxidative stress by removing ROS and by secreting anti-oxidants into the 
epididymal lumen. The exact nature of the epididymal secretions that modulate 
ROS is still unresolved, but the role of secreted glutathione peroxidase [8,9], 
GSH [10], catalase, and superoxide dismutase [11] seem apparent. The seminal 
vesicles provide yet another line of defence against oxidative stress; they have 
been shown to secrete superoxide dismutase, glutathione peroxidase, 
glutathione reductase, catalase, and GSH into the seminal fluid [6], thus offering 
spermatozoa additional anti-oxidative support in the highly oxidizing environ ment 
of the female reproductive tract [12]. 
It is weil documented that with advancing age an organism is under greater 
oxidative stress due to impairment of the function of the mitochondrial respiratory 
chain [13]. This leads to an accumulation of DNA, RNA and protein free radical 
damage [14] and causes alterations in anti-oxidant enzyme levels [15]. However, 
few studies have addressed the effect that aging has on the anti-oxidative 
abilities of the male reproductive system. Knowing the vital role that oxidative 
stress plays in spermatozoal qua lit y, investigation of the relationship between 
aging and spermatozoa, epididymal and seminal vesicle antioxidant status 
becomes important. 
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ln addition to increased overall oxidative damage, aging causes an alteration in 
antioxidant response to stress [16]. As a result, any type of oxidative stress, 
such as poor diet, infection or exposure to chemicals, can render the aging 
organism more vulnerable to free radical damage [17]. Therefore, it is important 
to determine how the response of the epididymis, seminal vesicles and 
spermatozoa to oxidative challenge is altered by age. Oxidative challenge can 
be induced experimenta"y by the administration of L-buthionine-S,R-sulfoximine 
(BSO), an inhibitor of y-glutamylcysteine synthetase, resulting in a depletion of 
GSH [18]. 
The goals of this study were to characterize the relative levels of GSH, 
glutathione disulfide (GSSG) and enzyme activities involved in the biosynthesis 
and breakdown of ROS (Figure 1) in male reproductive tissues, to investigate the 
changes that occur with age, to examine how these changes are altered after 
administration of BSO, and to determine the etfects that these age-related 
changes have on the characteristics of spermatozoal motility. Byadministering 
BSO for 7 days we achieved two objectives; first, over this time frame GSH 
became significantly depleted and second, spermatozoa were targeted for the 
duration of their transport along the epididymis, which, in rats, takes 
approximately 7 days. In addition to the epididymis and seminal vesicles, we 
examined the etfect of oxidative stress on the liver, a tissue that is weil studied 
and can serve as both a control and reference point for our study. The Brown 
Norway (BN) rat is a we"-established model of male reproductive aging because 
it is long-lived and rarely develops age-related pathology [19]. Furthermore, 
these rats undergo similar male reproductive aging as humans, experiencing 
declines in serum testosterone and impairment in spermatogenesis [19-22]. 
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3. Materials and Methods 
3.1 Animais 
Male BN RIJ rats, aged 4 and 21 months, were obtained through the National 
Institutes on Aging (Bethesda, MD) from Harlan Sprague Oawley, Inc. 
(Indianapolis, IN) and housed on a 14 h light : 10 h dark cycle. Food and water 
were provided ad libitum. Ali animal studies were conducted in accordance with 
the principles and procedures outlined in liA Guide to the Care and Use of 
Experimental Animais" prepared by the Canadian Council on Animal Care 
(McGiII protocol #206). 
3.2 BSO treatment 
Twenty four animais were randomly divided into four groups of six animais each: 
young control (YC), young treated (YT), old control (OC) and old treated (DT). 
Treatment consisted of subcutaneous injections of a glutathione synthesis 
inhibitor, L-buthionine-S,R-sulfoximine (BSO), at a dose of 2 mmol/kg, at 12h 
intervals, for 7 days. Control groups received saline in place of BSO. The rats 
were sacrificed by CO2 asphyxiation 2h after the last injection. Liver, seminal 
vesicles, caput, corpus and cauda epididymides were collected and flash-frozen 
in liquid nitrogen. Testes of old rats were examined for regression and only 
epididymides from animais with non-regressed testes were used. 
3.3 GSH/GSSG 
GSH and GSSG concentrations were determined according to the method of 
Anderson [23]. Briefly, tissue samples were homogenized in 5% 5-sulfosalicylic 
acid and centrifuged at 18,000g for 5 min. For GSH measurements, the 
supernatant was added to a reaction cocktail that was equilibrated at 25°C and 
consisted of stock buffer (143 mM sodium phosphate, 6.3 mM Na4-EOTA, 
pH7.5), NAOPH (0.247 mg/ml) and OTNB (6mM). GSSG reductase (266 U/ml) 
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was added to initiate the assay and the change in absorbance was read at 412 
nm. GSSG was determined by the same reaction, except that GSH was blocked 
from reacting with DTNB by a 1 h derivatization at 25°C with 2-vinylpyridine. It 
was determined that GSH assay recording remained linear down to 0.005 
nmol/mg tissue and GSSG to 0.001 nmol/mg tissue. 
3.4 Antioxidant enzyme assays 
Tissues were prepared for antioxidant enzyme assays according to the method 
of Ho et al. [24], with some modification. Specifically, tissues were homogenized 
in ice-cold homogenization buffer (50 mM potassium phosphate, 0.1 % Triton X-
100) with a Brinkman Polytron homogenizer (Rexdale, ON) for 10 sec., followed 
by sonication for 5 sec with a Vibra Cell sonicator (Sonics & Materials Inc., 
Danbury, CT). Protein content was determined using the Bio-Rad protein assay 
[25]. Ali enzyme activities were measured from the linear portion of the 
absorbance/time curve. 
Glutathione Peroxidase. Glutathione peroxidase activity was assayed as 
indicated in Vernet et al. [26] with the following modifications: tissue homogenate 
was added to the reaction buffer (100 mM Tris-HCI, pH 7.2, 1 mM GSH, 0.2 mM 
NADPH, warmed to 3iC) and the reaction was catalyzed by addition of 1 U/ml 
glutathione reductase and 25 !-lM of H20 2. The rate of NADPH utilization was 
followed at 340 nm and enzyme activity was expressed as nmol NADPH 
consumed/min/mg protein. The NADPH mM extinction coefficient is 6.22. 
Glutathione Reductase. Glutathione reductase was assayed according to the 
method of Carlberg & Mannervik [27]. Briefly, activity was assayed at 340 nm in 
0.2M potassium phosphate buffer, pH 7.0, 2 mM EDTA, 2 mM NADPH, 20 mM 
GSSG, equilibrated at 25°C. Glutathione reductase activity is defined as nmol 
NADPH consumed/min/mg tissue protein. 
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Catalase. Catalase activity was measured at 240 nm in 50 mM phosphate 
buffer, pH 7.0, containing 10 mM H20 2 and equilibrated at 25°C [28]. The mM 
extinction coefficient for catalase is 0.0394 and activity is expressed in 1-1 mol 
H202 consumed/min/mg tissue protein. Enzyme activity was measured from the 
linear portion of the absorbance curve. 
Superoxide Dismutases. The total activity of superoxide dismutase was 
determined at 550 nm by measuring the inhibition of xanthine/xanthine oxidase-
mediated reduction of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide (XTT) (0.5 mM xanthine, in 50 mM potassium phosphate, pH 7.8, 
0.1 mM EDTA, xanthine oxidase sufficient to produce a slope of 0.25, 50 I-IM 
XTT, 25°C) [29]. One unit of superoxide dismutase activity is defined as the 
enzyme activity needed to inhibit 50% of XTT reduction. Mn superoxide 
dismutase activity was assessed by repeating the above experiment in the 
presence of 50 mM NaCN to inhibit Cu-Zn superoxide dismutase. Cu-Zn 
superoxide dismutase activity was then determined by extrapolation. 
3.5 Spermatozoal motility 
Spermatozoal motility was measured using the method of Siott et al. [30]. Briefly, 
spermatozoa from the cauda epididymidis were collected into 5 ml of motility 
buffer (Hanks' Balanced Salt Solution, 0.35 mg/ml sodium bicarbonate, 4.2 
mg/ml HEPES, 0.9 mg/ml D-glucose, 0.1 mg/ml sodium pyruvate, 0.025 mg/ml 
soybean trypsin inhibitor, 2 mg/ml BSA, pH 7.4, pre-warmed to 3iC) and were 
allowed to disperse for 5 min. A volume of 20 1-11 of the suspension was loaded 
onto 2X Cel Sperm Analysis Chambers (Hamilton-Thome Research, Beverly, 
MA), pre-warmed to 37°C. Movement characteristics were assessed using 
computer-aided sperm analysis (CASA) with a Hamilton-Thome IVOS Motility 
Analyzer, version 12 (Hamilton-Thome Research, Beverly, MA) and included the 
following primary parameters: average path velocity (VAP), curvilinear velocity 
(VCL), straight line velocity (VSL), as weil as two derived parameters: amplitude 
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of lateral head displacement (ALH) and linearity (LIN). Analysis was do ne using 
the follo~ing settings: stage temperature: 3ic; frames acquired: 30; frame rate: 
60 Hz; minimum contrast: 80; minimum cell size: 4 pixels; minimum static 
contrast:15; cell intensity: 80; magnification: 0.82; static size limits: 0.29-8.82; 
and static intensity: 0.18-1.8. The chamber depth was 80 Ilm, where 20 III were 
loaded into each chamber. 
Each rat was sampled 5 times, where a minimum of 100 sperm per sample were 
analyzed and the mean of the 5 measurements calculated for each rat. 
3.6 Cytoplasmic Droplet 
The presence of cytoplasmic droplets was determined using the method 
established by Syntin et al [31]. Motility images that had been recorded with 
CASA were still-frozen and spermatozoa were assessed for the presence or 
absence of cytoplasmic droplet. A minimum of 100 spermatozoa / animal were 
evaluated. 
3.7 Chemicals 
Ali chemicals were purchased from Sigma Chemical Co. (St. Louis, MO), except 
for: Hanks' Balanced Salt Solution (Gibco Invitrogen Co., Grand Island, NY), 
H20 2 (Fisher Scientific International Inc., New Jersey, NY) and Bio-Rad protein 
assay reagent (Bio-Rad, Hercules, CA). 
3.8 Statistical Analysis 
Ali measurement were made on tissues and/or cells obtained from six different 
animais (n=6). Data are expressed as means ± SEM. Comparisons between 
groups were made using t-tests with Bonferroni correction (SigmaPlot, v. 7.0, 
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Aspire Software International, Leesburg, VA). Differences were considered as 
significant at p<0.05. 
4. Resulls 
4.1 GSH/GSSG 
GSH concentrations in the Iiver were approximately five fold greater than in 
seminal vesicles and approximately eight fold greater than in epididymal tissues 
(Figure 2a). Since GSH is expressed per mg tissue, it should be noted that, 
although body weights of old animais were approximately double those of young, 
there were no significant differences in wet weight between epidydimal, seminal 
vesicle or liver weights between the two age groups either before or after BSO 
treatment (data not shown). GSH concentrations were not significantly different in 
the young and old rats although there was a trend towards an increase in the 
seminal vesicles and caput and corpus epididymides. GSSG levels in the liver 
were similar to those of the seminal vesicles but were about ten fold higher than 
those in the epididymis (Figure 2b). GSSG concentrations increased significantly 
in the seminal vesicles of aged rats but were not changed with age in the Iiver or 
epididymis. 
BSO administration depleted GSH dramatically. While there was no significant 
difference between the levels of depletion in young and old animais, there were 
variations in the extent of depletion in different tissues. In the liver, GSH 
decreased by 74 and 76% in young and old, respectively and in the seminal 
vesicles by 71 and 68%, respectively. In epididymal tissues, the depletion was 
more pronounced; GSH concentrations in young and old decreased 81 and 83% 
in the caput, 87 and 91 % in the corpus, and 92 and 89% in the cauda 
epididymidis, respectively (Figure 2a). 
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Since GSSG decreased below detection, the GSH/GSSG ratios after BSO 
administration could not be determined in the epididyr:nal segments, but in the 
liver and seminal vesicles this ratio was not significantly altered. 
4.2 Glutathione Peroxidase 
Glutathione peroxidase activity was highest in the liver and lowest in the seminal 
vesicles (Figure 3a). With age, the activity of glutathione peroxidase increased 
significantly in the liver, and decreased in the cauda epididymidis. After GSH 
depletion, glutathione peroxidase activity remained unchanged or decreased; this 
decrease was significant in the seminal vesicles of young rats. 
4.3 Glutathione Reductase 
ln young rats, basal glutathione reductase activity was comparable in the liver, 
seminal vesicles and epididymis (Figure 3b). With aging, enzyme activity 
increased significantly in the liver and cauda epididymidis. In response to GSH 
depletion, glutathione reductase activity increased in the caput and corpus 
epididymidis of young rats; glutathione reductase activity almost doubled after 
BSO treatment in the corpus epididymidis. GSH depletion resulted in increased 
glutathione reductase activity in the liver, caput, corpus and cauda epididymides 
of old rats. 
4.4 Catalase 
ln the young animais, catalase activity was about 40 fold greater in the liver than 
in the seminal vesicles or the epididymis (Figure 3c). Catalase activity changed 
IiUle with age, where a significant increase was observed only in the liver. GSH 
depletion resulted in an increase in catalase activity in the caput and corpus 
epididymides of young rats. An increase in catalase activity was found in these 
tissues and in the cauda epididymidis and liver of aged rats. In contrast, the 
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activity in the seminal vesicles in old animais was significantly decreased with 
BSO treatment. Similar to the pattern seen with glutathione reductase activity, 
glutathione depletion affected catalase activity most dramatically in the corpus 
epididymidis. 
4.5 Superoxide Dismutase 
Total superoxide dismutase activity levels were of a comparable scale in ail 
tissues studied (Figure 4a). Age resulted in a decrease in activity of the enzyme 
only in the corpus epididymidis. GSH depletion caused a change in activity only 
in liver, where it significantly decreased after treatment in the young. Mn 
superoxide dismutase activity decreased dramatically with age in ail tissues, 
except for the corpus epididymidis, where activity increased (Figure 4b). With 
BSO treatment, Mn superoxide dismutase activity decreased significantly in the 
liver and seminal vesicles of young rats, but was unaffected in the epididymis. 
Cu-Zn superoxide dismutase activity was determined by subtracting that of Mn 
superoxide dismutase from total superoxide dismutase activity. Cu-Zn 
superoxide dismutase was affected by age only in the corpus epididymidis, 
where enzyme activity decreased. GSH depletion produced IiUle change (Figure 
4c). 
4.6 Spermatozoal Motility and Cytoplasmic Droplets 
One parameter of sperm motility, VAP, increased significantly with aging (Figure 
5). In young rats GSH depletion resulted in a significant decrease in VAP. The 
effects of GSH depletion were more pronounced in old rats than in young rats. In 
the aged rats, VAP, VCL and ALH were decreased significantly after GSH 
depletion. While not ail changes in motility parameters were statistically 
significant, they ail consistently showed greater sensitivity to BSO treatment with 
age, where VSL decreased by 6 and 8% in young and old rats, respectively, VAP 
decreased by 6 and 13%, VCL decreased by 8 and 14%, ALH decreased by 10 
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and 17% and LIN increased by 4 and 9%, respectively (Figures 5). The percent 
of sperm retaining their cytoplasmic droplet was 25% in young rats and 18% in 
aged rats; these values were not affected by GSH depletion (data not shown). 
5. Discussion 
5.1 Effect of age 
Aging is associated with an overall increase in oxidative stress; this is due in 
large part to changes in the mitochondria, where respiratory chain function 
becomes impaired with age, resulting in decreased ATP and increased ROS 
production [13]. Additionally, aging is associated with changes in the levels of 
antioxidants and antioxidant enzymes. The activity of Mn superoxide dismutase, 
also known as the mitochondrial superoxide dismutase, has, for the most part, 
been reported to increase with age [32]. However, studies using the liver have 
shown both an increase [33] and a decrease [15, 34]. In our study, liver Mn 
superoxide dismutase was not changed significantly in aged animais, while in the 
male reproductive tissues the results were both tissue and segment-specific. 
The difference in the effect of age on Mn superoxide dismutase in epididymal 
segments may be influenced by the presence of a recently identified secreted 
form of Cu-Zn superoxide dismutase [35] that was shown to be expressed in 
particularly high levels in the cauda epididymidis. To the best of our knowledge, 
its expression in the seminal vesicles has not yet been assessed. 
The effect of age on the concentrations of GSH and GSSG in the liver is 
controversial; some groups report an increase with advancing age [36], while 
others report a decrease [15]. Our study showed neither GSH nor GSSG to be 
altered by age. In contrast, glutathione peroxidase, and glutathione reductase 
activities increased, which is consistent with previous studies using the liver [15, 
36, 37]. These changes in enzyme activities suggest a general enhancement of 
the GSH oxidizing-reducing cycle and an overall adaptive response to 
counterbalance the increased oxidative stress that is seen with aging. 
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The redox system in the caput and corpus epididymides, as weil as the seminal 
vesicles, was not greatly affected by age. In contrast, a very interesting pattern 
of changes was observed with age in the cauda epididymidis. While GSH levels 
remained the same, glutathione reductase activity increased and glutathione 
peroxidase activity decreased suggesting that the system has become more 
sparing in its GSH utilization; the redox system of the cauda epididymidis may be 
particularly vulnerable to aging. Previous studies have reported that the 
expression of glutathione-S-transferases, the enzymes that conjugate 
electrophiles to GSH, decreased with age in principal cells of the proximal cauda 
epididymidis, but not in the other epididymal segments [38]. 
ln most studies, the effect of age on human spermatozoa is associated with a 
change in spermatozoal motility parameters [39]. Our study on the SN rat also 
reveals sorne effects of age on spermatozoal motility, consistent with previous 
reports from our laboratory [31]. Spermatozoa in older animais had a more 
curved trajectory, reminiscent of the irregular spermatozoal movement in the 
caput epididymidis, suggesting that spermatozoa in old rats are not maturing as 
efficiently during their course along the epididymis. 
ln conclusion, age had a differential effect on redox systems in the tissues 
examined; the most dramatic changes were found to occur in the liver and cauda 
epididymidis. Spermatozoal motility characteristics were also affected by age. 
Since spermatozoa are collected and stored in the cauda epididymidis, it is likely 
that age-related changes in this tissue play a role in the observed motility 
change. 
5.2 Effect of glutathione depletion 
Although every tissue examined responded to GSH depletion in a unique 
manner, it is striking that the responses of glutathione reductase and catalase 
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are very similar in ail of the tissues evaluated. These enzymes may change in 
the same manner since they act cooperatively to avert oxidative stress, the 
function of catalase being to remove H202 and that of glutathione reductase to 
replenish GSH, which in turn also acts to remove H202. By comparing the 
changes in activities of these two enzymes we can gain valuable information 
about the response of the tissues to stress. 
ln the liver, catalase and glutathione reductase respond more dramatically with 
age, suggesting that GSH depletion has less effect in younger animais than in 
old. Glutathione peroxidase was not altered by BSO treatment, but total 
superoxide dismutase activity decreased in the young animais. A possible 
expia nation for the change in superoxide dismutase activity might be that with 
less GSH available to conjugate H202, the H202 becomes elevated to the point 
that it negatively feedbacks on superoxide dismutase [40]. 
ln the caput epididymidis, both catalase and glutathione reductase activities 
change moderately regardless of age, suggesting that age does not greatly affect 
the tissue's sensitivity to GSH depletion. The corpus epididymidis is most 
responsive to GSH depletion, as both catalase and glutathione reductase 
activities increase dramatically. This leads to the speculation that the strong 
response of the anti-oxidant enzymes in the corpus epididymidis is a means of 
protecting spermatozoa from oxidative stress at a point when it can be 
particularly disruptive to their integrity. This is consistent with the observation 
that the basal region of epididymal principal cells is rich in lipid droplets [41], 
which, if oxidized, could propagate a lipid peroxidation reaction in the 
spermatozoal membranes. In the cauda epididymidis, glutathione reductase 
activity appears to be moderately influenced by BSO treatment, while there is a 
greater influence on catalase activity. The response of antioxidant enzymes to 
GSH depletion in this epididymal segment was clearly age-dependent. 
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Redox regulation in the seminal vesicles appears quite different from that of other 
tissues studied. This is particularly apparent when comparing changes in 
catalase activity after BSO administration. While in the liver, caput, corpus and 
cauda epididymides catalase activity increased, in the seminal vesicles it 
decreased, particularly so with age. This suggests that the seminal vesicles have 
unique anti-oxidant enzyme regulation, one that is not seen in the liver or the 
epididymis. Additionally, after BSO treatment glutathione reductase activity is 
found to significantly increase in the liver, caput and corpus epididymides, and to 
have an increasing trend in the cauda epididymidis. However, glutathione 
reductase activity is unchanged in the seminal vesicles of BSO treated animais, 
and there is a slight decrease detected in aged animais. Therefore, the response 
of these two enzymes in the seminal vesicles is contrary to what we observed in 
ail of the other tissues, which is truly remarkable. 
A distinguishing feature of the seminal vesicles is their capacity for secreting 
particularly large quantities of prostaglandins [42]. Although prostaglandins are 
not directly related to oxidative stress, they are formed from the same precursor 
and have similar structures and properties as isoprostanes, which are the 
products of lipid peroxidation and well-established markers of oxidative stress 
[43]. Therefore, the production of large quantities of prostaglandins may play a 
role in the distinctive response to oxidative stress that is displayed by the seminal 
vesicles. After BSO treatment the seminal vesicles had the greatest decrease in 
glutathione peroxidase activity among the tissues studied indicating an overall 
decrease in GSH utilization. This is once again surprising, as we noted above 
that catalase had also decreased, and, if both glutathione peroxidase and 
catalase decreased, the question arises as to whether there might be another 
anti-oxidative system important to the seminal vesicles or if they are simply left 
exceptionally vulnerable to oxidative stress after GSH depletion. These are 
important issues to explore in order to betler assess the origin of oxidative 
damage in ejaculated sperm. 
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Spermatozoal motility was affected by both aging and GSH depletion. The 
profile of changes. after BSO treatment of old rats suggests sluggishness in 
movement. Previous reports have suggested that lipid peroxidation of 
spermatozoa is strongly negatively correlated with VAP and VCL [44]. Changes 
in motility parameters in our study may also be due to lipid peroxidation, as it is 
weil established that peroxidation of spermatozoa membranes is a function of 
anti-oxidant enzyme activity [49]. A high level of ROS induces changes in 
spermatozoal movement through several mechanisms; these include an effect on 
Ca++ channels due to lipid peroxidation of the outer membrane [45,46] and 
depletion of spermatozoa ATP stores [47, 48]. 
ln summary, we have shown that the redox system in the liver, seminal vesicles 
and cauda epididymidis, as weil as spermatozoal motility are affected by aging. 
BSO mediated a dramatic depletion of GSH in ail organs studied, and this 
depletion was accompanied by changes in anti-oxidative enzyme activities. After 
induction of oxidative challenge, the effects of age on the redox system in the 
liver and cauda epididymidis were more apparent. As the age-dependent 
alteration in cauda epididymal redox response was coupled with a decline in 
spermatozoal motility parameters, we speculate that the increased vulnerability 
of the cauda epididymidis to glutathione depletion affects its capacity to protect 
spermatozoa from oxidant exposure. 
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8. Figure Legends and Figures 
Figure 1. Diagrammatic representation of the relationship 
between antioxidant enzymes, GSH and GSSG. SOD 
(superoxide dismutase); CAT (catalase); GPX (glutathione 
peroxidase); GR (glutathione reductase); GSH (reduced 
glutathione); GSSG (oxidized glutathione). Grey boxes indicate 
parameters measured. 
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Figure 2. Levels of (A) GSH and (8) GSSG in the liver, seminal 
vesicles (s.v.) caput, corpus and cauda epididymidis in 4 and 24 
mo. old rats before and after 8S0 treatment. Young control (YC), 
young treated (YT), old control (OC) and old treated (OT) rats. 
Each of six sample (n=6) was assayed in triplicate; mean ± SEM; 
significant changes between YC and OC are indicated as 'a', 
between YC and YT as "b' and between OC and OT as 'c'. 
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Figure 3. Activities of (A) GPX (B) GR and (C) CAT in the liver, 
seminal vesicles (s.v.) caput, corpus and cauda epididymis in 4 and 
24 mo. old rats before and after BSO treatment. Young control 
(YC), young treated (YT), old control (OC) and old treated (OT) 
rats. Each of six sample (n=6) was assayed in triplicate; mean ± 
SEM; significant changes between YC and OC are indicated as 'a', 
between YC and YT as 'b' and between OC and OT as 'c'. 
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Figure 4. Activities of (A) total SOD (B) Cu-Zn SOD and (c) Mn 
SOD in the liver, seminal vesicles (s.v.) caput, corpus and cauda 
epididymis in 4 and 24 mo. old rats before and after BSO treatment. 
Young control (YC), young treated (YT), old control (OC) and old 
treated (OT) rats. Each of six sample (n=6) was assayed in 
triplicate; mean ± SEM; significant changes between YC and OC 
are indicated as 'a', between YC and YT as 'b' and between OC 
and OT as 'c'. 
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Figure 5. Spermatozoal velocity parameters in young control (YC), 
young treated (YT), old control (OC) and old treated (DT) rats. 
Straight line velocity (VSL), average path velocity (VAP), curvilinear 
velocity (VCL), amplitude of lateral head displacement (ALH) and 
linearity (LIN). Each of six sample (n=6) was assayed in triplicate; 
mean ± SEM; significant changes between YC and OC are 
indicated as 'a', between YC and YT as lb' and between OC and 
DT as 'c'. 
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Connecting Text 
ln Chapter two we investigated the changes that occur in epididymal redox status 
and spermatozoal motility with age and examined how the sensitivity of these 
parameters to in vivo oxidative challenge became affected with age. We found 
that, not only were redox enzymes and motility affected with age, but also the 
susceptibility to oxidative challenge increased. This led to the question of 
whether other spermatozoal parameters become affected with age and if their 
sensitivity to oxidants also becomes affected. As the most important part of the 
spermatozoon is its chromatin, the following study, described in Chapter three, 
deals with how spermatozoal chromatin qua lit y and packaging changes with age. 
It also addresses the question of spermatozoal susceptibility to in vitro oxidative 
challenge. 
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Chapter 3 
Changes in spermatozoal chromatin packaging and 
susceptibility to oxidative challenge during aging. 
Ekaterina V. Zubkovaa, B. Sc., Michael Wadeb, Ph. O. 
and Bernard Robairea, Ph.O. 
aOepartments of Pharmacology and Therapeutics and Obstetrics and 
Gynecology, McGill University, Montreal, Quebec, Canada. bEnvironmental 
Health Science Bureau, Health Canada, Ottawa, Ontario, Canada. 
Supported by the Canadian Institutes for Health Research 
The contribution of Dr. Wade to this study consisted of and was limited to the 
Acridine Orange assay. 
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1. Abstract 
Objective: Our goal was to test the hypothesis that spermatozoal chromatin 
packaging changes with age and that aging affects the susceptibility of 
spermatozoal DNA to oxidative damage. 
Design: Laboratory study. 
Setting: Academie facility. 
Animais: Young (4 mo) and old (21 mo) Brown Norway rats. 
Interventions: Spermatozoa were collected from the cauda epididymidis and 
were incubated in saline or H20 2. 
Main outcome measurements: Thiols levels, chromatin condensation, DNA 
susceptibility to acid-induced DNA denaturation and DNA damage were 
evaluated using monobromobimane, chromomycin A3 (CMA3), acridine orange 
and PCR, respectively. 
Results: Spermatozoa from old rats had 25% fewer disulfides, but similar levels 
of free thiols as compared to young. CMA3 staining was decreased by 13% with 
age. Levels of chromatin denaturation and DNA damage were similar in control 
groups. After exposure to oxidant, free thiols became oxidized by about 20% 
irrespective of age, but CMA3 staining changed IiUle. The acridine orange assay, 
however, showed a trend for greater chromatin denaturation in spermatozoa from 
old rats after oxidant treatment. Furthermore, the DNA from spermatozoa of old 
rats was significantly more susceptible to developing DNA breaks and 
modification after oxidative challenge. 
Conclusion: Spermatozoal chromatin packaging changes with aging and 
vulnerability to oxidative damage increases. 
2. Introduction 
Delayed parenthood is becoming an increasingly frequent option in today's 
society (1). While the decline in a woman's fertility with age is well-studied and 
the consequences are well-documented, it is only recently that issues relating to 
paternal age have started to be recognized (2). Epidemiologie studies on the 
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effect of paternal age on offspring development have linked increased age with a 
number of genetic diseases, such as dwarfism, schizophrenia, Alzheimer's 
disease, cardiac defects, and cancers (3-7). Furthermore, both clinical studies 
and animal models show that the quality of spermatozoa and of the ejaculate 
change with advancing age, leading to decreased motility, abnormal morphology, 
decreased semen volume, and altered pregnancy outcome (8-12). Such studies 
offer strong evidence that spermatozoa produced in aged individuals differ from 
those of young ones. 
The role of spermatozoa is to successfully deliver an intact set of paternal 
chromosomes to the oocyte. Therefore, the integrity of a spermatozoon's DNA is 
a critical issue in male fertility. Several studies have shown that damaged DNA 
in spermatozoa (such as increased fragmentation) is associated with decreased 
fertility or problems in the health of the offspring (13,14). 
There are several characteristics of spermatozoa and of their microenvironment 
that protect chromatin integrity beyond what is seen in somatic tissues. The first 
level of defense is the privileged milieu created by the blood-testis and the blood-
epididymis barriers, which have the potential of stopping many toxic and 
damaging agents from reaching spermatozoa (15-18). Additionally, fluids that 
bathe spermatozoa are rich in protective agents such as antioxidants (19-22). 
Lastly, the highly compacted nature of the chromatin in the nuclei of spermatozoa 
provides additional protection. 
One of the distinctive features of the structure of spermatozoa is the manner in 
which its chromatin is packaged. Spermatozoal DNA is packaged with 
protamines in place of somatic histones. This packaging greatly condenses the 
DNA, precluding RNA transcription, and results in lower accessibility to DNA-
damaging agents (23). The stability of the nucleus is further enhanced by inter-
and intra- molecular protamine disulfide bonds that form during epididymal transit 
(24). 
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Protamines are unique to spermatozoa; they replace histones during 
spermatogenesis, wh en these proteins align lengthwise along the major groove 
of the DNA helix (25,26), condensing it into a toroidal structure (27). During the 
process of spermatozoal maturation in the epididymis, the cysteines become 
progressively oxidized, thus forming inter and intraprotamine disulfide bonds and 
further stabilizing the chromatin (28,29). Numerous studies have shown an 
association between abnormal protamine deposition and infertility (30-32). 
However, the effect of aging on spermatozoa thiol bond formation and protamine 
deposition has never been investigated. Therefore, the first goal of our study is 
to evaluate what effect aging has on chromatin packaging in spermatozoa. 
Assessing the damage induced by oxidative radicals in spermatozoa obtained 
from individuals of increasing age is of particular interest because spermatozoa 
encounter this type of stress during maturation in the male reproductive tract, 
upon ejaculation if leucocytes are present in semen (33,34), during capacitation 
(35,36), and during preparation for in vitro fertilization (37). Exposure to oxidative 
radicals can cause changes in spermatozoa motility, Iipid and protein structure, 
and DNA integrity, and strongly correlates with male-factor infertility (38-40). 
Therefore, we compared the susceptibility of chromatin from young and old 
males to oxidative challenge. We chose H20 2 as the oxidative stressor for its 
membrane permeability and readiness to form the highly reactive hydroxyl radical 
(OH·) (41). 
Using the Brown Norway rat, a well-established model to study male reproductive 
aging (42-44), we found that aging correlates with changes in spermatozoal 
chromatin packaging and that the DNA becomes more susceptible to oxidative 
damage. 
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3. Materials and Methods 
3.1 Chemicals 
Ali chemicals were purchased from Sigma-Aldrich (St. Louis, MO), except for 
mBBr, marketed as Thiolyte® MB, (Calbiochem, San Diego, CA) and the 
GeneAmp XL PCR kit (Applied Biosystems, Foster City, CA), which includes the 
Thermus thermophilus DNA polymerase. 
3.2 Animais 
Adult male BN RIJ rats, aged 4 and 21 months, were obtained through the 
National Institutes on Aging (Bethesda, MD) from Harlan Sprague Dawley, Inc. 
(Indianapolis, IN). The rats were housed on a 14 h Iight:10 h dark cycle and 
were provided with food and water ad libitum. The animal studies were 
conducted in accordance with the principles and procedures outlined in liA Guide 
to the Care and Use of Experimental Animais" prepared by the Canadian Council 
on Animal Care (McGiII protocol #4687). 
3.3 Collection of Spermatozoa 
Cauda epididymides from non-regressed testes were excised and finely chopped 
to release spermatozoa. To achieve maximum yields, spermatozoa were 
collected into a motility butter (45). They were washed twice with hypotonic 
butter (0.45% NaCI) in order to lyse any contaminating cells, then washed twice 
with PBS (1 mM KH2P04 , 10 mM Na2HP04, 137 mM NaCI, 2.7 mM KCI, pH 7.0) 
and finally divided into control, low dose (2.5 mM H202), and high dose (5 mM 
H20 2) treatment groups. Each sample was then incubated for 1 hr at room 
temperature, washed twice with PBS, divided into vials containing approximately 
5 million spermatozoa for the corresponding assays and frozen at -80·C. 
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3.4 Monobromobimane Thiol Labeling 
Thiol labeling was done "according to Seligman et al. (46) with minor 
modifications. Briefly, spermatozoa from each treatment group were divided into 
two samples: one that was pre-incubated with 1 mM OTT to reduce disulfides to 
free thiols and the other that was not. A 50 mM stock solution of mBBr was 
prepared in acetonitrile and was added to the spermatozoa suspension for a final 
mBBr concentration of 0.5 mM, and the sam pie was incubated in the dark for 10 
min. During this time, mBBr, a fluorescent probe, reacted and bound to free 
thiols. Spermatozoa were then washed in PBS, sonicated on ice to detach 
heads from tails, and stored at 4 oC (for three days) in the dark until analysis. 
Analysis of spermatozoa was do ne using a FACS Vantage flow cytometer (BD 
Biosciences, Missisauga, Ontario) equipped with an argon ion laser (488 nm line 
excitation, for FSC and SSC profile). Blue fluorescence emission of mBBr was 
detected by 355 UV laser excitation and quantified (in arbitrary units) after 
passage through a 424/44 bandpass filter using Cellquest Pro (BD Biosciences, 
Mississauga, ON). A total of 20,000 sperm were analyzed for each sample. 
Disulfide concentrations were calculated by subtracting free thiols from total 
thiols for the corresponding sample and then dividing the value by two. 
3.5 Chromomycin A3 Staining 
Our flow cytometry based CMA3 quantification was adapted from the slide based 
method (47). CMA3 was dissolved in Mcllvaine's buffer (17 ml of 0.1 M citric 
acid mixed with 83 ml of 0.2 M Na2HP04 and 10 mM MgCI2, pH7.0) to a 
concentration of 0.25 mg/ml. Chromatin was labeled as follows: spermatozoa 
were incubated in the CMA3/Mcllvaine's buffer for 20 min at 25°C in the dark. 
They were then washed in PBS, sonicated on ice to detach heads from tails, and 
stored at 4 oC in the dark until analysis. 
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Flow cytometry analysis was do ne using a MoFlo Migh Performance Cell Sorter 
(OakoCytomation Inc., Fort Collins, CO) equipped with a 190 argon ion laser 
tuned to 457 nm line excitation (for FSC and SSC profile and also for excitation) 
and a 460/10 nm filter. The resulting fluorescence was detected with a 580/30 
nm bandpass filter and quantified (in arbitrary units) using Summit v.3.1 software 
(OakoCytomation Inc., Fort Collins, CO). A total of 20,000 sperm were analyzed 
for each sample. 
3.6 Acridine Orange Assay for Sperm DNA Denaturation 
To assess susceptibility of sperm ONA to acid-induced denaturation, the AO 
assay was performed using a method described previously (48,49). On the day 
of assay sperm samples were thawed and sonicated on ice, as above, to remove 
tails. A 300 1-11 aliquot of spermatozoa in TNE (10 mM Tris, 150 mM NaCI, 1 mM 
EOTA, pH 7.4) was mixed with 400 1-11 of solution containing 0.08 N HCI, 150 mM 
NaCI, and 0.1% Triton X-100, pH 1.2, and incubated at room temperature for 30 
sec to denature any uncondensed sperm ONA. Spermatozoa were then stained 
by the addition of 1.2 ml of acridine orange (AO) solution (200 mM Na2HP04, 0.1 
M citric acid buffer, pH 6.0, 1 mM EOTA, 150 mM NaCI and 6 I-Ig/ml AO). 
Stained spermatozoa were analysed using a FACSCalibur flow cytometer (BD 
Biosciences, Mississauga, ON) fitted with an argon ion laser (488 nm line 
excitation) and green fluorescence emission of AO was reflected by a 550 
dichroic longpass filter and quantified after passage through a 530/30 nm 
bandpass filter. Red fluorescence of AO was detected after sequential passage 
through the 550 dichroic tilter and a 670 nm longpass tilter. Degree ot 
spermatozoa ONA denaturation (DO) was determined by the intensity of red 
fluorescence (denatured ONA, arbitrary units) divided by the sum of red and 
green intensity and was calculated from raw data using WinList cytometry 
software (Verity Software, Topsham, ME). Cells with abnormal DO within each 
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sample were identified from the histogram plots of DD as the cells whose DD 
values are clearly skewed higher than the tight cluster of DD values of nqrmal 
cells. A total of 10,000 sperm were analysed for each sample. 
3.7 Extraction of Genomic DNA 
Spermatozoa were resuspended in 1 ml STE buffer (50 mM NaCI, 10 mM Tris 
HCI, pH 8.0, 1 mM EDTA) with 50 ul of 20% SDS, 40 ~I of 0.5M DTT, 200 U of 
proteinase K and incubated at 55°C for 6 hrs with shaking. Organic extraction 
was done by first mixing DNA with one volume phenol, followed by extraction 
with one volume of phenol/chloroform/isoamyl alcohol (25:24: 1), followed by 
extraction with one volume chloroform. The DNA was then ethanol precipitated 
and resuspended in TE buffer (10 mM Tris-HCI, 1 mM EDT A, pH 7.4). 
3.8 Quantitative PCR 
Quantitative PCR was used to establish the extent of bulky DNA adducts and 
single/double strand breaks in genomic DNA. This assay works on the principle 
that increased bulky adduct formation or DNA breaks would prevent the 
polymerase enzyme from completing amplification of the complimentary strands 
(50). Therefore, a sample with greater DNA damage would result in less PCR 
product being amplified. This is a powerful assay, which can be performed using 
nanogram quantities of DNA and damage can be assessed in individual genes. 
By using primers for the clusterin gene and for the mitochondrial genome, the 
quantitative PCR technique can be applied to both genomic and mitochondrial 
DNA. 
The assay was done based on the method of Ayala-Torres et al. (50) Briefly, 
PCR conditions were as follows: 5 ng template DNA, 3.3X buffer, 1 mg/ml BSA, 
10 mM dNTP, 25 mM Mg(OAc)z, 10 pmol of each primer, and one unit of 
Thermus thermophilus DNA polymerase. PCR was initiated in a GeneAmp 2400 
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thermocycler (Perkin Elmer, Boston, MA) with a 75°C hot-start, followed by 
denaturation for 1 min at 94°C and 25 cycles of the subsequent profile: 15 sec 
denaturation at 94°C and 12 min primer extension at 68°C. The PCR was 
completed with a 10 min extension at 72°C. 
We applied these conditions to amplify both a 12.5 kb clusterin gene fragment 
(using primers 5' - AGA CGG GTG AGA CAG CTG CAC CTT TTC - 3' and 5' -
CGA GAG CAT CAA GTG CAG GCA TTA GAG - 3') and a 13.4 kb mitochondrial 
genome fragment (using primers 5'- GGC AAT TM GAG TGG GAT GGA GCC 
AA - 3' and 5' - AAA ATC CCC GCA AAC AAT GAC CAC CC - 3'). Quantitative 
conditions were confirmed by amplifying samples containing 50% DNA (data not 
shown). 
3.9 Statistical Analysis 
Data were initially analyzed using 2-way ANOVA (for age and treatment), 
followed by the Holm-Sidak multiple comparison test for pairwise analysis 
(P<0.05). Ali statistics were do ne with SigmaStat (Version 3.0, Systat Software 
Inc., Richmond, CA). The groups had n=6 each and results are expressed as 
mean ± SEM. 
4. Results 
4.1 Monobromobimane Thiol Labeling 
A significant overall decrease in thiol quantity was found in spermatozoa from 
older animais (Figure 1 a). When we looked at the free thiols and disulfides 
separately, we found that there was no age-related change in free thiol status. 
Disulfides, on the other hand, showed a significant decrease in spermatozoa 
from old rats, where the mean mBBr fluorescence intensity decreased by more 
than 25%. 
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more than 5% greater % abnormal DO, while at the high dose the increase in % 
abnormal cells approached 10%. Furthermore, the P-value for comparison 
between young and old decreased from 0.95 in controls to 0.35 in low dose to 
0.11 in high dose, once again suggesting a trend for more dissociation with age. 
4.4 Quantitative PCR 
Prior to H20 2 treatment amplification of both DNA fragments remained constant 
regardless of the animais' age. After H202, however, there was a clear age-
dependent change in amplification. 
Amplification of the clusterin gene from spermatozoa of young animais did not 
significantly change after treatment with H202 (Figure 4a). In spermatozoa of old 
animais, however, there was a significant effect at the high H20 2 dose. 
Furthermore, DNA from old animais was significantly less amplified when 
compared to that from young rats after the high H202 treatment (P<0.001). A 
significant interaction between age and treatment was found. 
Mitochondrial DNA, on the other hand, was affected by H20 2 treatment in both 
young and old, causing dose-dependent decreased amplification of the genome 
(Figure 4b). Furthermore, similarly to what was seen with the chromatin 
fragment, DNA from aged animais was significantly less amplified than that 
extracted from young at the high H202 dose. 
5. Discussion 
ln this study we used a complimentary set of assays to understand the effect that 
aging has on spermatozoa chromatin structure. By combining assays that test 
for physiological processes (disulfide bond formation and chromatin 
protamination) with those that measure functional endpoints (DNA denaturation 
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and damage) we found significant ditferences between spermatozoa from young 
and old rats. 
The most dramatic change was a decrease of 25% in disulfide levels in old rats, 
implying a significant change in chromatin packaging. This change might be due 
to decreased intra- and inter-protamine binding, thus potentially leaving 
spermatozoa of older rats less coiled and more vulnerable to oxidative insult. 
This observation may be of particular significance because Zini et al. (51) 
showed that spermatozoa of infertile men have a higher level of free thiols and 
are more susceptible to DNA denaturation than those from fertile controls. 
Incubation of spermatozoa with H202, an oxidant, resulted in thiols being 
converted from the reduced to the oxidized form. However, the thiol groups 
responded similarly in spermatozoa from both young and old rats, indicating that 
sensitivity of thiols to H20 2 is not altered with age. 
Having established that there is a change in overall thiol levels with age, we 
wanted to see if this change was associated with alterations in chromatin 
protamination. The CMA3 assay is becoming more extensively used for 
evaluating sperm quality as part of male fertility assessment (52, 53). It provides 
an indirect measure of assessing protamines in sperm (54, 55), where CMA3 
competes with protamines for chromatin binding (47,56). 
We found more CMA3 labeling in spermatozoa from young than from old rats in 
both control and H20 2 exposed groups. This was surprising as we expected 
spermatozoa from young rats to have more extensive protamination due to the 
higher concentration of disulfides detected in the chromatin. However, increased 
CMA3 incorporation can also occur if protamines are more easily displaced by 
the staining reagent or if chromatin has a looser structure (57). Our results 
indicate that the relationship between thiols, protamines, and CMA3 incorporation 
in older males is not as straightforward as in younger males. 
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To investigate if the altered DNA packaging in spermatozoa of aged rats affects 
chromatin condensation, spermatozoal chromatin structure was assessed using 
the acridine orange assay (AO). This assay utilizes the differential fluorescence 
of the nucleic acid-binding dye AO which fluoresces red or green when bound to 
either denatured or condensed chromatin, respectively. The degree of 
condensation of sperm nuclei is related to fertilizing potential (58-62) and is a 
parameter indicative of toxicant-induced disruption of spermatogenesis (63). 
When spermatozoa from young and old rats were compared, we saw no 
statistically significant difference in % abnormal DO between the two age groups, 
either before or after H20 2 incubation. However, there was a c1ear trend towards 
greater decondensation in spermatozoa from old rats. A study done on rabbit 
spermatozoa supports this, as it also found that decondensation increased with 
age (64). 
The reason for the increased chromatin dissociation after H20 2 treatment is most 
Iikely due to oxidant-induced DNA breaks. Due to the condensed nature of the 
chromatin and the loss of most of their cytoplasm, mature spermatozoa lack 
appreciable levels of DNA repair (65-67). Knowing that OH" damages DNA by 
inducing base modification and strand breaks (41), we used the quantitative PCR 
assay to examine if the slight difference in % abnormal DO that we saw between 
young and old animais was indeed due to increased susceptibility to oxidative 
DNA modifications with age. 
Quantitative amplification of the clusterin gene revealed that the level of DNA 
breaks were similar in young and old before H202 incubation. However, after 
oxidative stress, two very different responses emerged, where the chromatin 
from spermatozoa of aged rats showed a dramatic dose-dependent decrease in 
amplification. This supports our hypothesis that chromatin from spermatozoa of 
older rats is more sensitive to damaging agents than that of young ones. 
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Furthermore, when these results were. compared with those obtained from the 
mitochondrial genome of spermatozoa, DNA from both young and old rats 
showed a significant decrease in amplification after treatment, with a somewhat 
greater decrease at the higher H20 2 dose in the old rats. One possible 
explanation for the increased level of DNA damage in mitochondrial DNA is that it 
lacks protamines, proteins that act to protect spermatozoal DNA. This 
observation supports our findings regarding changes in chromatin packaging in 
the old rats. 
Although only two studies have been published where the quantitative PCR 
technique was used in spermatozoa, our results correlate weil with the previous 
report of significantly higher damage to the mitochondrial genome as opposed to 
the genomic DNA after H20 2 (68). It is of interest to note that in human 
spermatozoa, Sawyer et al. (69) showed much greater nuclear DNA damage 
than what was observed in our study, but this may be due to the fact that human 
spermatozoa are of lower ove ra Il quality than that found in other species (70). 
Additionally, human spermatozoa express both protamine 1 and protamine 2 
(whereas rats have only protamine 1). It has been shown that the chromatin of 
spermatozoa from species expressing both protamines is more susceptible to 
decondensation (71); this property might also make it more susceptible to 
damage associated with oxidant exposure. 
The changes in spermatozoal chromatin packaging observed with age could be 
due to a number of age-related changes in both testicular and epididymal 
function. Overa Il , the age-dependent accumulation of oxidative damage in an 
organism's DNA and proteins (72) can affect processes involved in the 
production of intact spermatozoa. In the testes DNA mutations have been shown 
to accumulate in spermatozoa as a result of constant germ cell replication (73). 
A thickening of the basal membrane (74, 75) and a decrease in Sertoli cell 
numbers (76, 77) also occur in both humans and rats with age. Furthermore, we 
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recently published our findings on changes in epididymal antioxidant capacity 
with age in rats (78); the se changes could also affect oxiçJative processes 
involved with chromatin compaction in spermatozoa. 
ln summary, we report here, for the first time, decreased CMA3 fluorescence and 
decreased disulfide formation in spermatozoa as animais age. These changes 
may be causing spermatozoa to become more vulnerable to oxidative damage 
with age and to develop more DNA breaks and oxidative modifications. 
Therefore, while males remain fertile weil into old age, the quality of their 
spermatozoal chromatin declines, which in turn may impact on the well-being of 
their offspring. 
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8. Figure Legends and Figures 
Figure 1: Disulfide bonds, free thiol, and total thiol quantification 
by mBBr staining. Light gray bars represent young and dark gray 
bars represent old. Statistics key: a, significant change between 
young control and old control; b, significant change between young 
control and young treated; c, significant change between old control 
and old treated; d, significant change between young treated and 
old treated. Mean ± SEM; n=6. 
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Figure 2: Protamine association with sperm chromatin determined 
by CMA3 staining. Light gray bars represent young and dark gray 
bars represent old. Statistics key: a, significant change between 
young control and old control; b, significant change between young 
control and young treated; c, significant change between old control 
and old treated; d, significant change between young treated and 
old treated. Mean ± SEM; n=6. 
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Figure 3: The proportion of sperm showing abnormal ONA 
denaturation (DO) as determined by the acridine orange assay. 
Values represent the mean proportion of sperm in each sample 
showing abnormally high levels of DO due to acid treatment (% 
ONA denaturation). Light gray bars represent young and dark gray 
bars represent old. Statistics key: a, significant change between 
young control and old control; b, significant change between young 
control and young treated; c, significant change between old control 
and old treated; d, significant change between young treated and 
old treated. Mean ± SEM; n=6. 
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Figure 4: Detection of DNA breaks and oxidative modifications by 
PCR. Light gray bars represent young and dark gray bars 
represent old. Statistics key: a, significant change between young 
control and old control; b, significant change between young control 
and young treated; c, significant change between old control and 
old treated; d, significant change between young treated and old 
treated. Mean ± SEM; n=6. 
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Connecting Text 
ln Chapter three we found novel age-dependent changes in spermatozoal 
chromatin quality and packaging. Susceptibility to in vitro oxidative challenge 
was also altered with age. However, we had focused this initial examination only 
on spermatozoa from the cauda epididymidis. The refo re, in the following 
objective, we set out to establish if the changes observed in these spermatozoa 
were already present in caput epididymal spermatozoa, or if they were a result of 
passage through the epididymis. We also wanted to differentiate between the 
effects of in vivo and in vitro oxidative challenge and to establish if exposure to 
the former would sensitize spermatozoa to damage by the latter. 
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Chapter 4 
Effects of aging on spermatozoal chromatin and its sensitivity to 
in vivo and in vitro oxidative challenge in the Brown Norway rat. 
Ekaterina V. Zubkovaa and Bernard Robairea,b 
aDepartments of Pharmacology and Therapeutics and bObstetrics and 
Gynecology, McGiII University, Montreal, Quebec, Canada. 
Supported by the Canadian Institutes for Health Research 
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1. Abstract 
BACKGROUND: The goals of our study were to examine chromatin packaging 
and integrity in spermatozoa taken from the caput and cauda epididymides of 
young (4 mo) and old (21 mo) Brown Norway rats and to assess if spermatozoal 
sensitivity to oxidative treatments is altered with age. METHODS: Oxidative 
treatments consisted of (i) in vivo oxidative challenge by systemic administration 
of the glutathione depleting drug L-buthionine-[S,R]-sulfoximine (BSO) and (ii) in 
vitro oxidative challenge by incubating collected spermatozoa with hydrogen 
peroxide (H202). Chromatin parameters assessed included quantification of 
thiols, nuclear chromomycin A3 (CMA3) penetration, DNA breaks by TUNEL and 
ease of DNA dissociation by acridine orange staining. RESUL TS: ln 
spermatozoa from older rats, we found decreases in thiols, CMA3 penetration 
and the percent of cells that undergo DNA dissociation. Administration of BSO 
had oxidizing effects on the thiol groups. It also decreased CMA3 penetration 
and DNA dissociation and increased TUNEL staining. Furthermore, BSO 
treatment sensitized cauda epididymal spermatozoa from older animais to H20 2. 
CONCLUSIONS: Ove ra Il , we show that spermatozoa from older rats have 
altered chromatin packaging and integrity and that spermatozoa from the cauda 
epididymidis are more responsive to combined in vivo and in vitro oxidative 
challenge than spermatozoa from young rats. 
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2. Introduction 
Aging in mammals is associated with a widespread decline in physiological 
function. Although it has been generally accepted that male fertility is immune to 
the effects of age, severa 1 recent studies have established that many aspects of 
male fertility are affected by aging. Specifically, semen volume and 
spermatozoal motility have been found to decrease in aging men, while the 
proportion of abnormal spermatozoa increases (1,2). Increasing paternal age 
also correlates with numerical and structural chromosomal abnormalities in 
spermatozoa (3,4). Furthermore, epidemiological evidence indicates that 
children born to older fathers have a greater incidence of genetic diseases; these 
diseases cover a wide spectrum that remains poorly defined, but sorne of the 
stronger correlations include schizophrenia, achondroplasia and Apert's 
syndrome (4,5). 
The mechanisms that underlie the increases in genetic disease with age remain 
unclear, but they are a symptom of the aging male reproductive system. 
Previous reports have found structural changes in the seminiferous tubules of the 
testes with age (6,7) and the high number of divisions that spermatogonia 
undergo over the course of a man's lifetime may also result in an accumulation of 
DNA mutations (8,9). 
Protamination of spermatozoa during spermiogenesis is likely to play a major role 
in regulating its final DNA quality. During spermiogenesis histones become 
hyperacetylated and are briefly replaced by transition proteins, which are then 
replaced by protamines (10,11). Protamines are rich in free thiols, which can 
form disulfide bonds with other protamines (12), thus stabilizing the already 
compact spermatozoal chromatin. When spermatozoa begin their passage 
through the epididymis, the thiols have not yet become oxidized; this occurs 
during the journey in the epididymal lumen, where over the course of several 
days the balance becomes shifted in favor of disulfides (13,14). Defective 
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protamination has been shown to be associated with poor spermatozoa quality 
and to be correlated with male-factor infertility (15-17). 
The balance between oxidation and reduction has been established as a key 
component in maintaining the integrity of spermatozoa. While some oxidation is 
critical to ensure disulfide bond formation within the nucleus of spermatozoa, 
excessive oxidation is a weil established hazard to spermatozoa, resulting in 
peroxidation of membrane lipids and in DNA damage (18-20). Disproportionate 
spermatozoal oxidation can occur from increased in vivo reactive oxygen species 
(ROS) production, such as during inflammation of the male reproductive tract, or 
as a result of certain medications, exposure to chemicals and smoking (19,21-
26). Aging is another example of increased systemic oxidant load. The results 
of several studies clearly establish that aging is correlated with increased 
production of ROS, primarily from the mitochondria electron transport chain (27-
29). There is also evidence to suggest that levels of antioxidants, such as 
glutathione, are altered with age and that ROS removal may become impaired 
(30-33). Other than the in vivo sources of ROS, spermatozoa can also become 
damaged during and after ejaculation; ROS and ROS-producing bacteria from 
accessory gland infections can mix with the seminal fluids, or spermatozoa can 
become exposed to ROS in the course of laboratory manipulation during in vitro 
fertilization (IVF) (34-38). 
The objective of this study was to assess the packaging of chromatin in 
spermatozoa and to compare the susceptibility to oxidative stress of 
spermatozoa from the caput and cauda epididymides of young and old rats. In 
order to exacerbate the effects of aging we oxidatively challenged the rats by 
depleting the main cellular antioxidant, glutathione, using the drug L-buthionine-
[S,R]-sulfoximine (BSO), which is an inhibitor of the rate-limiting enzyme of 
glutathione synthesis, y-glutamylcysteine synthatase (39,40). We have 
previously shown that systemic BSO administration effectively decreases 
glutathione in male reproductive tissues (32). 
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By treating the rats with BSO for 7 days spermatozoa became exposed to the 
drug during the following two phases of their maturation: spermatozoa collected 
from the caput epididymidis were exposed from approximately step 16 of 
spermiogenesis and until their entry into the caput epididymidis (41), while 
spermatozoa collected from the cauda epididymidis were exposed during their 
transport throughout the organ (42). This allowed the determination of the 
differential effects of BSO on spermatozoa at these two stages in their 
development. 
We evaluated the sensitivity of spermatozoa to external oxidant exposure in 
addition to their susceptibility to systemic oxidative challenge. For this we used 
H20 2, as this compound reacts with transition metal ions to rapidly form the 
highly oxidizing hydroxyl radical (OH·-) (43). This experimental design also 
allows us to determine if in vivo oxidizing challenge increases the sensitivity of 
spermatozoa to in vitro oxidative stress, and if this sensitization effect is amplified 
byaging. 
3. Materials and Methods 
3.1 Chemicals 
Ali chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), except 
for L-Buthionine-[S,R]-Sulfoximine (Toronto Research Chemicals Inc., North 
York, ON, Canada), monobromobimane (mBBr), sold as Thiolyte® MB, 
(Calbiochem, San Diego, CA, USA), and the Apo-Direct™ kit (Pharmingen, San 
Diego, CA, USA). 
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3,2 Animais 
Male Brown Norway rats were obtained through the National Institutes on Aging 
(Bethesda, MD, USA) trom Harlan Sprague Dawley, Inc. (Indianapolis, IN, USA). 
Rats in the young group were 4 months old and those in the aged group were 21 
months old. The animais were housed in a 14 h light:10 h dark cycle; food and 
water were provided ad libitum. Ali animal studies followed the principles and 
procedures outlined in uA Guide to the Care and Use of Experimental Animais" 
prepared by the Canadian Council on Animal Care (McGiII protocol #4687). 
3.3 L-Buthionine-[S,R]-Sulfoximine Administration 
The young and old rats were assigned randomly to either treated or control 
groups. Those in the treated groups received subcutaneous injections of 2 
mmollkg L-Buthione-[S,R]-Sulfoximine (BSO) dissolved in saline at 12h intervals, 
for 7 days. Those in the control groups received injections of volume-adjusted 
saline. Animais were sacrificed by CO2 asphyxiation 2h after their last injection. 
3,4 Collection of Spermatozoa 
Spermatozoa from the caput and cauda epididymides of non-regressed testes 
were collected into a motility buffer (44) to increase yield. They were then 
washed once with hypotonie buffer (0.45% NaCI) in order to lyse any 
contaminating cells and twice with PBS (1 mM KH2P04, 10 mM Na2HP04, 137 
mM NaCI, 2.7 mM KCI, pH 7.0). The final suspension was divided into 1 ml 
aliquots of approximately 5-10x106 spermatozoa that were stored at -80°C. 
3.5 Monobromobimane thiol labeling 
Thiol labeling was done in order to quantify the total thiol, free thiol and disulfide 
levels in the nuclei of spermatozoa. On the day of the assay, spermatozoa were 
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thawed and both the control and BSO treated samples were further separated 
into two groups of about 5-10x106 cells each; one group was incubated in PBS 
and the other in 5 mM H20 2 for 1 hour at 25°C. The spermatozoa were then 
washed twice in PBS and sonicated on ice to separate the heads from the tails. 
Labeling with mBBr and analysis by flow cytometry was do ne as described in 
Zubkova et al. (45) 
3.6 Chromomycin A3 staining 
The CMA3 penetrability test was used to assess the extent of spermatozoal 
nuclear protamination and as an indicator of chromatin condensation. On the 
day of the assay spermatozoa were thawed and both the control and BSO 
treated samples were further separated into two groups of about 5-10x106 cells 
each; one group was incubated in PBS and the other in 5 mM H20 2 for 1 hour at 
25°C. The spermatozoa were then washed twice in PBS and sonicated on ice to 
separate the heads from the tails. CMA3 labeling and analysis by flow cytometry 
was done as described previously by Zubkova et al. (45) 
3.7 TUNEL as say 
The TUNEL assay was used to quantify the extent of 3'-hydroxyl (OH) breaks in 
single- and double-stranded DNA. On the day of the assay spermatozoa were 
thawed and both the control and BSO treated samples were further separated 
into two groups of about 5-10x106 cells each; one group was incubated in PBS 
and the other in 5 mM H20 2 for 1 hour at 25°C. The cells were then washed in 
PBS twice, followed by sonication on ice. DNA strand breaks were analyzed 
using the Apo-Direct™ kit with some modifications. Briefly, spermatozoa were 
resuspended in 70% ice-cold ethanol to a concentration of about 1-2x1 06 cells/ml 
and stored at -20°C for three days. They were then centrifuged for 5 minutes at 
5000g, washed twice with 1 ml Wash buffer each time and incubated in 100 ~I 
Staining solution (containing the reaction buffer, terminal deoxytransferase (TdT) 
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enzyme, FITC-tagged deoxyuridine triphosphate nucleotides and distilled water, 
as per kit instructions) in the dark at 3rC for 1 hour. The reaction was 
terminated by the addition of 1 ml Rinse buffer, after which the spermatozoa 
were centrifuged for 5 min at 5000 x 9 and washed one more time with Rinse 
buffer. They were then resuspended in 500 !JI propidium iodide (PI)/RNAse and 
stored in the dark overnight at 4°C. To verify the linearity of the reaction, we 
tested a set of positive controls, which were produced by pre-treating the cells 
with deoxyribonuclease 1 (100U/ul) for 5-15 min at 25°C. A negative control, 
consisting of cells stained with the Staining solution lacking the terminal 
deoxytransferase enzyme, was included as a negative control with every group in 
the study. 
Intensity of FITC staining was analyzed spectrophotometrically using the BD 
FACSAria Cell Sorting System (BD Bioscience, San Jose, CA, USA) fitted with a 
488 nm laser. For FITC detection light emission was filtered through a 502 nm 
long pass filter, as weil as a 530/30 nm band pass tilter, while PI was detected 
using a 556 nm long pass filter, followed by a 575/26 nm band pass filter. 
Fluorescence was quantified by the BD FACSDiva software (BD Biosciences, 
San Jose, CA, USA). A total of 10,000 events was analyzed for every sample. 
3.8 Acridine Orange Assay 
The acridine orange (AO) assay was used to measure DNA denaturability in 
mature spermatozoa, which is an indicator of overall DNA quality (46). On the 
day of the assay, spermatozoa were thawed and both the control and BSO 
treated samples were further separated into two groups of about 5-10x106 cells 
each: one group was incubated in PBS and the other in 1 mM H202 for 1 hour at 
25°C. The cells were then washed in PBS twice, followed by sonication on ice. 
The AO assay was done based on the method described by Evenson et al. (47). 
Briefly, a 200 !JI aliquot of spermatozoa was placed into a 12 mm x 75 mm tube 
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and was mixed with 400 !JI of DNA denaturation buffer (0.1% Triton X-100, 0.15M 
NaCI, 0.08N. HCI, pH 1.4). After 30 sec, 1.2 ml of AO staining buffer (200 mM 
Na2HP04, 0.1 M citric acid buffer, pH 6.0, 1 mM EDTA, 150 mM NaCI, and 6 
!Jg/mL AO) was added and the reaction was allowed to proceed for 3 min, after 
which nuclear fluorescence was analyzed spectrophotometrically using a BD 
FACScan Analyzer System (BD Bioscience, San Jose, CA, USA) fitted with a 
488 nm argon-ion laser. Light emission was filtered using a 502 nm long pass 
filter, followed by a 530/30 nm band pass filter (for detecting green fluorescence) 
and also using a 670 nm long pass filter, followed by a 660/20 nm band pass 
filter (for detecting red fluorescence). The resulting fluorescence was quantified 
by the BD CeliQuest Pro software (BD Bioscience, San Jose, CA, USA). A total 
of 10,000 events was analyzed for each sample. 
The extent of DNA denaturation was quantified by the calculated parameter DNA 
Fragmentation Index (DFI), using the following formula: red fluorescence/(red + 
green fluorescence )x1 024. The percent of cells with abnormal DFI was defined 
as %DFI. 
3.9 Statistical Analysis 
Statistical analysis was do ne using Systat v10.2 (Systat Software Inc., 
Richmond, CA, USA) and consisted of: 2-way ANOVA (to assess age and 
epididymal segment-specific changes), 3-way ANOVA (to assess if the effect of 
BSO treatment was dependent on age and/or segment) and 4-way ANOVA (to 
assess if the effect of H20 2 was dependent on age and/or segment and/or BSO). 
Results were considered significant at P<0.05 (n=8) and the figures show mean 
± SEM values. A full statistical summary is provided in Table 1. 
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4. Results 
4.1 Monobromobimane Thiol Labeling 
Consistent with previous observations (14,48,49), we noted a significant primary 
effect of segment on free thiols and disulfides (Figure 1 Band 1 C). Interestingly, 
age also had a significant effect, where ail of the thiol parameters were lower in 
spermatozoa heads of older rats. Additionally, ail thiol parameters had a 
significant interaction between age and segment, the decrease being consistently 
greater in the caput epididymidis region. Free thiols decreased by about 13% in 
spermatozoa from the caput epididymidis and did not change in spermatozoa 
from the cauda. Furthermore, disulfides decreased by 45% and 28% in 
spermatozoa from the caput and cauda epididymidis region, respectively. 
Exposure to BSO did not change the overall thiol quantities, but it shifted the 
balance towards the disulfides. However, this effect was dependent on segment 
(segment X BSO), as the changes were observed primarily in spermatozoa from 
the caput epididymidis. 
Incubation with H20 2 had a dramatic effect on ail spermatozoa, decreasing total 
thiol levels and converting the majority of free thiols to disulfides. The H20 2-
induced changes in total thiols and free thiols were dependent on age (age X 
H20Û, with the effects being greater on spermatozoa from younger animais. 
Clearly, the shift was more pronounced in caput epididymal spermatozoa than in 
those from the cauda epididymidis, at which point the majority of thiols were 
already in the form of disulfides. The treatment with H202 interacted with BSO 
(BSO X H202), where the BSO treatment pre-shifted the thiol balance, thus 
diminishing the H202-induced change. 
Analysis by flow cytometry is a very powerfu1 technique, because it determines 
the average fluorochrome intensity and allows for quantification of fluorescence 
in each individual spermatozoal head. Therefore, by analyzing the raw flow 
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cytometric data for mBBr, we noted that the spermatozoa from older animais 
composed not one, but two distinct populations (Figure ~). This finding was 
highly consistent among different samples and clearly showed that about 5-10% 
of cells had considerably lower thiol staining. In fact, the observed decreases in 
the mean values of total, free thiols and disulfides in spermatozoa from older rats 
can be entirely attributed to this second population. 
4.2 Chromomycin A3 Staining 
Spermatozoa from the caput epididymidis had more CMA3 staining than those 
from the cauda region (Figure 3). An age effect was also observed, where 
staining was decreased by over 10% in spermatozoa from both the caput and 
cauda epididymidis_from older animais. BSO treatment significantly reduced 
CMA3 staining in spermatozoa; this decrease was segment-dependent (BSO X 
segment), where it was observed primarily in spermatozoa from the caput 
epididymidis. 
Exposure to H20 2 had a dramatic effect. There was also an interaction with 
segment (H20 2 X segment), manifested by a 44-53% decrease in staining in ail 
caput epididymidis spermatozoa and a 23-37% decrease in cauda epididymidis 
spermatozoa (except for spermatozoa extracted from BSQ-treated older 
animais). The interaction between age X segment X BSO X H20 2 was highly 
significant, drawing attention to the observation that in cauda epididymal 
spermatozoa from old, BSO-treated animais CMA3 fluorescence did not change 
after exposure to H20 2. This was unlike what was shown in spermatozoa from 
the other groups, in which H202 exposure consistently resulted in decreased 
CMA3 staining. 
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4.3 TUNEL Assay 
Relative FITC intensity was low in most spermatozoa samples, suggesting that 
rat spermatozoa have relatively few 3'OH breaks in their ONA (Figure 4). There 
was a significant difference in staining depending on age and also on the 
epididymal segment, where cauda spermatozoa from old animais showed more 
staining than those from the caput epididymidis. The interaction of between age 
and segment, however, was not significant. 
Administration of BSO resulted in increased average FITC staining in ail 
spermatozoa samples. The increase was also segment-dependent (segment X 
BSO), with dramatically higher staining observed in cauda spermatozoa. 
Exposure to H20 2 did not have a significant primary effect, which is probably due 
to the variability in mean FITC fluorescence within each group. However, the 
interaction between age X H20 2 and segment X H20 2 were highly significant. 
Caput epididymal spermatozoa from young rats were most responsive to H20 2, 
while staining in caput epididymal spermatozoa from old rats remained 
unchanged. Furthermore, we observed that the staining in BSO-treated 
spermatozoa from the cauda epididymides of old rats decreased to extremely low 
levels. This response was strikingly different from that observed for other 
spermatozoa samples, in which staining remained the same or increased. 
4.4 Acridine Orange Assay 
The OFI and %OFI parameters depended on both the age of the rat and the 
epididymal segment (Figure 5). Overall, denaturation parameters were greater in 
spermatozoa from the caput epididymidis than from the cauda, and greater in 
spermatozoa from young than from old rats. However, although OFI was only 
slightly higher in spermatozoa from young animais, the %OFI was about double 
the value observed in old rats, indicating that while the extent of ONA 
denaturation was not vastly altered, the number of cells that responded to the 
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denaturating treatment was about twice as great in the young rat as in the old. 
This is highlighted by the fact that the age X segment interaction was significant 
only for %OFI. 
Administration of BSO had a significant primary effect, which was also dependent 
on age (age X BSO) and segment (segment X BSO). It resulted in a decreased 
%OFI in both caput and cauda spermatozoa. The OFI also decreased, but only 
in spermatozoa taken from the caput epididymidis. 
After incubation with H202 spermatozoa became noticeably damaged and their 
susceptibility to denaturation increased, as was evident from increased OFI and 
%OFI values. Both of these parameters showed a significant interaction between 
BSO and H20 2; the former drug decreased denaturation, while the latter 
overcame this effect and increased it. Lastly, the interaction between BSO X 
segment X H20 2 was also significant, where caput spermatozoa were most 
affected by the combined treatments. 
5. Discussion 
5.1 Differences between spermatozoa trom the caput and cauda 
epididymides 
Our first objective was to examine the effect of epididymal segment on 
spermatozoal chromatin. Spermatozoa from the caput and cauda epididymidis 
differed, to a greater or lesser extent, in ail measured parameters. While the 
changes in thiol oxidation status in spermatozoal heads during epididymal 
passage have been reported previously (14,48,49), the other parameters have 
been less extensively studied. 
The decrease in CMA3 staining observed in spermatozoa from the cauda 
epididymis was most surprising. This finding is apparently inconsistent with the 
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principle of the assay, which states that CMA3 competes with protamines for 
access to chromatin and that CMA3 binding is inversely proportional to the level 
of protamine deposition on the chromatin (15,50). By this definition, CMA3 
binding in caput and cauda epididymal spermatozoa should be identical, as 
protamine levels are not being altered at this stage of spermatozoal maturation 
(10). However, this was not what we observed, suggesting that other factors, 
such as chromatin condensation, may affect results of this assay. Our results put 
in question the conclusions that have been reached by those studying human 
infertility, who found that men with reduced fertility have increased CMA3 staining 
in their spermatozoa and interpreted this as a sign of decreased protamination 
(16,51); an alternative explanation may be that this reduced fertility is associated 
with less cross-linked or compact spermatozoa. 
Passage through the epididymis also resulted in a dramatic change in 
spermatozoal denaturation parameters. Both OFI and %OFI were lower in the 
more mature spermatozoa, perhaps reflecting the more oxidized status of the 
thiols, which would impede strand dissociation. Interestingly, the OFI was only 
slightly lower in spermatozoa from the cauda epididymidis, while %OFI was 
dramatically reduced. This difference reflects the complementary nature of the 
two tests, where %OFI reflects the percentage of cells that have abnormal 
denaturation and OFI indicates the extent of the shift. It appears that the majority 
of spermatozoa from the caput epididymidis will undergo chromatin dissociation, 
but the extent of this dissociation is slight. 
Other differences between spermatozoa from the caput and cauda epididymidis 
include increased TUNEL staining in spermatozoa taken from the cauda region. 
However, as this change is observed only in spermatozoa from old animais, it will 
be discussed in greater detail in the following section, which focuses on changes 
observed with age. 
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5.2 Changes in spermatozoa with age 
Our second objective was to evaluate how chromatin packaging in spermatozoa 
changes with age. When looking at thiol groups in spermatozoa heads we 
discovered the presence of a distinct spermatozoa population in older rats, which 
was not detected with the other assays. This might be because the sensitivity of 
the other assays was not as great, as the population constituted approximately 
10% of the cells or because the observed effect was specific to thiols and did not 
influence other parameters. However, ail of the assays are based on flow 
cytometry, and their sensitivity would be expected to be similar. Therefore, the 
mBBr assay appears to measure a parameter that is not detected by the other 
tests, suggesting that it would be useful to further define the relationship between 
thiols in the spermatozoal heads and successful pregnancy outcomes by adding 
this simple but powerfu1 assay on the list with other tests routinely used in 
infertility clinics. It has strong potential for becoming useful in the assessment of 
spermatozoa quality as mBBr does not bind to the chromatin directly and 
spermatozoa remain motile and maintain their ability to capacitate and acrosome 
react even after being stained with this dye (52). 
Other th an the change in thiols, we also observed an age-dependent change in 
%OFI, where the %OFI was almost twice as high in caput and cauda 
epididymidis spermatozoa from young animais as in those from old. The OFI, on 
the other hand, was only slightly higher in the young. Combined, these results 
indicate that in young animais more of the spermatozoa were susceptible to 
chromatin dissociation, but the extent of this dissociation was not great. At this 
point it is difficult to determine why the susceptibility of spermatozoal chromatin 
to dissociation is decreasing with age, but it is clear that sorne aspect of 
chromatin packaging is atfected. 
Another parameter that points to a change in chromatin packaging with age is the 
decreased CMA3 staining observed in epididymal spermatozoa from old rats. 
This finding once again raises the question as to whether this assay truly 
180 
measures a change in protamine levels, or if decreased staining implies that the 
. DNA is less accessible to the fluorochrome. It appears unlikely that the decrease 
in CMA3 staining would be explained by increased protamination, as total thiol 
levels were consistently lower in spermatozoa from older rats. Therefore, the 
results of this assay suggest that chromatin packaging in epididymal 
spermatozoa becomes altered with age. 
At this point we can only speculate as to what might be changing in chromatin 
packaging and what could be the reason for having a spermatozoal population 
with low thiols. The change in thiols might be due to problems with the 
protamines, as they are the main source of thiols in the spermatozoa head. 
Studies in humans have demonstrated that some types of male infertility have 
increased histone-to-protamine ratios (53), as weil as abnormal protamine 
deposition (17,54,55), and decreased protamine RNA (30,56). It is possible that 
the changes we observed in spermatozoa of aging rats have the same origin as 
the problems described in these studies. However, there are a number of other 
possibilities, such as abnormal protamine dephosphorylation or sloughing of 
immature spermatozoa from the seminiferous tubes that could be causing the 
observed phenotype. 
ln this study we used the TUNEL assay coupled to flow cytometry to assess 
spermatozoa DNA quality. Traditionally, the TUNEL is referred to as an 
apoptosis assay, but this definition is limiting, as the TdT enzyme will label 3'OH 
DNA termini with FITC-dUTP in any cell that contains this type of DNA breaks, 
not only in those undergoing apoptosis. Some authors have stated that mature 
spermatozoa staining positive for TUNEL are in the process of undergoing 
apoptosis (57-59), but in fact mature spermatozoal DNA is not accessible for 
transcription, and spermatozoa do not have the ability to synthesize proteins de 
nova (60), making upregulation of apoptotic mediators and apoptosis itself a 
virtual impossibility. Therefore, when applied to spermatozoa, this assay 
measures DNA integrity and not cellular apoptosis. Over the last few years it has 
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gained popularity as a tool for assessing chromatin quality in spermatozoa from 
humans (61-65). In thJs report we are the first to adapt the TUNEL assay for 
evaluating rodent spermatozoa or to use it on caput spermatozoa from any 
source. Our results for the young and old control animais show that there is 
more 3'OH DNA staining in spermatozoa from cauda epididymides in older rats. 
This suggests a decrease in DNA quality with age and further implicates the 
epididymis as the site where antioxidant protection becomes compromised. 
These results support the findings of our earlier study, where we found a 
significant age effect on the antioxidant enzymes in the cauda epididymidis (32). 
5.3 Changes in spermatozoa after BSO and H20 2 
From the endpoints measured in this study, the most evident response to BSO 
was the dramatic oxidizing shift in caput epididymidal spermatozoa from a 
predominantly free thiol state to disulfides, probably attributable to the systemic 
oxidative challenge induced by BSO. This increase in disulfides might also be 
the reason behind the decrease in CMA3 penetration and the decreased DFI and 
%DFI, particularly because changes in these parameters were observed only in 
spermatozoa from the caput, but not the cauda epididymidis. The changes in 
TUNEL staining, however, were probably not dependent on thiol oxidation but 
were due to direct effects of increased oxidants on DNA. It would then appear 
reasonable that spermatozoa are more susceptible to DNA damage during their 
transport through the epididymis than during the final steps of spermiogenesis, 
as there is no evidence for DNA repair in epididymal spermatozoa (51,66,67). 
Overall, the response of spermatozoa from young and old rats to BSO treatment 
was very similar in ail assays. Therefore, it appears that the reaction to 
glutathione depletion is not greatly altered by age, but rather is dependent on the 
stage of maturation of spermatozoa. 
The incubation of spermatozoa in H202, on the other hand, generated striking 
responses. Some parameters, such as the thiol measurements and AO assay 
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results changed in a manner that is consistent with the oxidizing and DNA-
damaging properties of H20 2 (43,45,68). Other parameters, specifically the 
TUNEL and CMA3 assays, showed an unexpected effect of H202 on BSO-
treated spermatozoa taken from the cauda epididymides of old rats. In this 
group, TUNEL staining dropped to very low levels, which is inconsistent with 
results we obtained for the other spermatozoa groups, or with previous reports 
on the effect of oxidants on spermatozoa (64,69), or with what is known about 
the DNA-damaging effect of H202 in general (43). This unusual response might 
be due to the oxidative damage reaching a critical level, at which the 3'OH DNA 
groups become altered and can no longer bind the fluorochrome. 
The increase in CMA3 staining in H20 2 and BSO-treated spermatozoa from the 
cauda epididymides of old rats was also an uncharacteristic response, as in this 
and previous studies we observed that thiol oxidation corresponded to decreased 
CMA3 penetrability (45). No other research groups have looked at the effect of 
oxidants on CMA3 staining, making it difficult to explain the observed response. 
It is possible, however, that similar to the TUNEL assay, altered CMA3 staining 
may be due to oxidative damage reaching a critical point, no longer condensing 
the chromatin, but creating a more fragmented structure more prone to absorbing 
fluorochrome. 
5.4 Conclusion 
ln summary, we have used clinically relevant assays to examine spermatozoal 
chromatin packaging and integrity. The results of these assays show that the 
chromatin was altered during spermatozoal passage along the epididymis, where 
it became more compact and nuclear thiols were oxidized. Furthermore, we 
found that the measured parameters differed between young and old animais, 
demonstrating a shift towards greater chromatin compactness and decreased 
quality with age. Lastly, while spermatozoa from young and old animais 
responded similarly to in vivo oxidative challenge, it is clear that cauda 
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epididymidal spermatozoa from old rats have a different susceptibility to the 
combined effects of in vivo and in vitro oxidative challenge than did the 
spermatozoa from young animais. 
The results of this study may have implications for older men who wish to father 
children. If their spermatozoa are more sensitive to the effects of oxidants, 
dietary antioxidant supplementation might be of benefit, since this has been 
found to improve spermatozoal quality in a number of trials (70-73). In addition 
to this, the finding of a distinct population in spermatozoa from older males is 
particularly relevant to patients undergoing IVF and especially intracytoplasmic 
sperm injection, a technique in which the natural spermatozoa selection 
processes are entirely bypassed. Further examination of the changes that occur 
in spermatozoal quality with age may unveil a common origin with sorne of the 
problems seen in male infertility. 
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8. Table, Figures and Legends 
Table 1. Complete summary of statistical analysis by ANOVA. 
Panels A, B, C, D, E, F and G summarize statistical analysis for the 
mBBr assay (consisting of total thiols, free thiols and disulfides), the 
CMA3 assay, the TUNEL assay and the acridine orange assay 
(consisting of DFI and %DFI), respectively. 
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A. Total Thiols B. Free Thiols C. Disulfides 
2-way ANOVA 2-way ANOVA 2-way ANOVA 
Age <0.001 Age <0.001 Age <0.001 
Segment 0.648 Segment <0.001 Segrnert <0.001 
Age X Segment 0.007 Age X Segment <0.001 Age X Segment <0.001 
3-way ANOVA 3-way ANOVA 3-way ANOVA 
BSO 0.163 BSO <0.001 BSO <0.001 
Age X BSO 0.472 Age X BSO 0.397 AgeXBSO 0.654 
Segment X BSO 0.080 Segment X BSO <0.001 SegmertX BSO <0.001 
Age X Segment X BSO 0.156 Age X Segment X BSO 0.255 Age X Segment X BSO 0.054 
4-way ANOVA 4-way ANOVA 4-way ANOVA 
HP2 <0.001 H202 <0.001 H202 <0.001 
Age X H202 0.002 Age X HP2 <0.001 Age X H,02 0.722 
Segment X HP, 0.128 Segment X HP2 <0.001 Segmert X H,02 <0.001 
BSO X HP2 0.954 BSO X H,02 <0.001 BSOXH,°2 <0.001 
Age X BSO X HP2 0.143 Age X BSO X HP2 0.370 Age X BSO X HP2 0.202 
Age X Segment X HP2 0.485 Age X Segment X H,02 <0.001 Age X Segment X H20 2 0.012 
BSO X Segment X HP2 0.273 BSO X Segment X HP2 <0.001 BSO X Segment X H202 <0.001 
Age X Segment X BSO X HP2 0.656 Age X Segment X BSO X H202 0.383 Age X Segment X BSO X H202 0.310 
D. CMA3 E. TUNEL 
2-way ANOVA 2-way ANOVA 
Age <0.001 Age 0.016 
Segment <0.001 Segment 0.029 
Age X Segment 0.275 Age X Segment 0.071. 
3-way ANOVA 3-way ANOVA 
BSO 0.044 BSO <0.001 
Age X BSO 0.157 Age X BSO 0.696 
Segment X BSO 0.025 Segment X BSO 0.029 
Age X Segment X BSO 0.680 Age X Segment X BSO 0.084 
4-way ANOVA 4-way ANOVA 
H202 <0.001 HP2 0.551 
Age X HP2 <0.001 Age X HP2 <0.001 
Segment X HP2 <0.001 Segment X HP2 <0.001 
BSOX HP2 0.097 BSOX H20 2 0.164 
Age X BSO X HP2 0.013 Age X BSO X HP2 0.401 
Age X Segment X HP2 0.009 Age X Segment X H,02 0.441 
BSO X Segment X HP2 0.968 BSO X Segment X H,02 0.437 
Age X Segment X BSO X H202 <0.001 Age X Segment X BSO X H,02 0.086 
F.OFI G.%OFI 
2-way ANOVA 2-way ANOVA 
Age 0.014 Age <0.003 
Segment <0.001 Segment <0.001 
Age X Segment 0.263 Age X Segment 0.015 
3-way ANOVA 3-way ANOVA 
BSO <0.001 BSO <0.001 
Age X BSO 0.011 AgeXBSO 0.007 
Segment X BSO <0.001 Segment X BSO <0.001 
Age X Segment X BSO 0.764 Age X Segment X BSO 0.073 
4-way ANOVA 4-way ANOVA 
H,°2 <0.001 H,°2 <0.001 
Age X HP2 0.426 Age X H20 2 0.059 
Segment X H"O, <0.001 Segment X H202 0.580 
BSOX H,02 0.006 BSO X H,02 <0.001 
Age X BSO X HP2 0.063 Age X BSO X H,02 0.090 
Age X Segment X H,02 0.260 Age X Segment X H,O, 0.893 
BSO X Segment X H,O, 0.016 BSO X Segment X H,02 0.002 
Age X Segment X BSO X HP2 0.833 Age X Segment X BSO X H,02 0.902 
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Figure 1. Quantification of total thiols (A), free thiols (8) and 
disulfides (C) in spermatozoal heads by m88r staining. Statistical 
analysis for these figures is provided in Table 1. YC - young control 
rats; YT - young rats treated with 8S0; OC - old control rats; OT -
old rats treated with 8S0; CP - spermatozoa extracted from the 
caput epididymidis; CD - spermatozoa extracted from the cauda 
epididymidis. Mean ± SEM; n=8. 
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Figure 2. Flow cytometric histogram showing fluorescence intensity 
of mBBr staining of total thiols (A) and free thiols (B). The 
population of cells with low thiol levels is clearly visible to the left of 
the main spermatozoa population in old animais. 
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Figure 3. Association of CMA3 with spermatozoal nuclei. 
Statistical analysis for this figure is provided in Table 1. YC - young 
control rats; YT - young rats treated with 8S0; OC - old control rats; 
OT - old rats treated with 8S0; CP - spermatozoa extracted from 
the caput epididymidis; CD - spermatozoa extracted from the cauda 
epididymidis. Mean ± SEM; n=8. 
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spermatozoal nuclei by TUNEL staining. Statistical analysis for this 
figure is provided in Table 1. YC - young control rats; YT - young 
rats treated with 8S0; OC - old control rats; DT - old rats treated 
with 8S0; CP - spermatozoa extracted from the caput epididymidis; 
CD - spermatozoa extracted from the cauda epididymidis. Mean ± 
SEM; n=8. 
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Figure 5. Measurement of OFI (A) and %OFI (8) in spermatozoal 
heads by the AO assay. Statistical analysis for these figures is 
provided in Table 1. YC - young control rats; YT - young rats 
treated with 8S0; OC - old control rats; OT - old rats treated with 
8S0; CP - spermatozoa extracted from the caput epididymidis; CO 
- spermatozoa extracted from the cauda epididymidis. Mean ± 
SEM; n=8. 
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1. Introduction 
Spermatozoa are a critical component of the male reproductive system, and 
understanding the factors that affect their qua lit y is essential for understanding 
male fertility. The epididymis is the organ responsible for redox control of the 
mature spermatozoon's environment. Its antioxidant enzymes have been the 
subject of many studies, but only one group had examined the interaction of 
these enzymes in the epididymis by measuring their activities (1-4). They did 
not, however, look at the effect of aging on the epididymal redox environment 
and, prior to the publication of our study (5), information on how aging affected 
antioxidant enzymes in the epididymis was available only from histological and 
RNA studies (6-9). 
Recent efforts to understand the effects of aging on male fertility have been 
limited and, for the most part, restricted to semen analysis in humans (10,11). 
When studying human subjects it becomes difficult to control for variables such 
as lifestyle, genetics, and regularity of ejaculation within the population (12). 
Another limitation of the existing studies is that semen analysis typically includes 
measurement of semen volume and the concentration, motility, and morphology 
of spermatozoa but omits important questions about the quality of spermatozoal 
chromatin. This is an essential parameter to measure because problems with 
spermatozoal chromatin quality and compaction are known to affect fertilization 
and pregnancy (13-15). Even if a study includes a time to pregnancy outcome 
and progeny follow-up, it is difficult to interpret the results in terms of chromatin 
integrity, as the health of the female partner comes into play, as weil as 
frequency of intercourse. Also, it is sufficient for the semen to contain only a 
small percentage of spermatozoa of high quality to achieve successful 
fertilization, so the effect of aging on the general spermatozoa population can 
remain masked. 
208 
Currently, there exist only a handful of studies pertaining to spermatozoa 
chromatin in aged males. These include an examination of the frequency of 
spermatozoal aneuploidy in humans (16), spermatozoal DNA methylation in rats 
(17) and spermatozoal chromatin structure in the rabbit (18). However, there 
remains a need for a focused, complementary set of experiments to understand 
what, if any, changes occur in the chromatin with age. Furthermore, there are 
currently no studies that examine the effect of aging coupled with 
pharmacological manipulation of spermatozoa. 
The goals of this thesis were to build on the existing knowledge of male 
reproductive aging and advance our understanding of epididymal regulation of 
spermatozoal redox environment, spermatozoa motility, chromatin quality and 
compaction. First, we overcame the problem of population variability by using 
the established animal model of reproductive aging: the Brown Norway rat. Our 
second goal was to conduct a thorough examination of spermatozoal chromatin 
by using assays that are common in clinical analysis of male fertility. Thirdly, we 
sought to evaluate epididymal redox environment and spermatozoal motility, as 
the former is known to be involved with ROS regulation which impacts DNA 
quality, while the latter is a measure of overall spermatozoal well-being. Lastly, 
we evaluated the effect of BSO and H202 on the quality of spermatozoa and the 
activities of the epididymal redox enzymes. The rational for choosing 
compounds that increase ROS is that there is a strong interdependence between 
ROS and aging and that regulating ROS is vital to spermatozoal quality. 
2. Assays adapted to assess chromatin in rat spermatozoa 
One of the challenges with basing a thesis on studying spermatozoal chromatin 
is that there are currently only a handful of assays that are designed for this 
purpose. Furthermore, most of the existing assays have been developed for 
human spermatozoa, as the primary intention was to use them for selecting 
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healthy spermatozoain fertility clinics (19,20). Among them are the flow 
cytometric based GMA3 and TUNEL assays, which have been rapidly gaining 
credibility in clinics, but have not yet been adapted to be used on rat 
spermatozoa. In rats, the GMA3 assay had only been published using the slide-
based method, while the TUNEL assay had never been applied to isolated rodent 
spermatozoa. The advantages of using a flow cytometer instead of the slide-
based assays are that this apparatus provides very sensitive, highly quantitative 
and rapid results. Furthermore, not only does it analyze the entire cell 
population, but it also provides information about every single cell. Therefore, 
our modification of these two assays to the rodent model is a valuable addition to 
the andrology field, as it paves the way to studying predictive outcomes of these 
tests using animal models. 
3. Brief summary of results 
The work presented in this thesis adds novel insight into the male reproductive 
system on several levels. Prior to our results on the epididymal antioxidant 
enzymes, it was suggested that, as GAT levels in the epididymis were very low, 
this enzyme did not have a significant role in antioxidant protection of the tissue 
(21 ). However, we show that after glutathione depletion GAT becomes 
dramatically upregulated, suggesting an important backup role to prevent 
oxidative damage to the tissue. Other interesting outcomes include the finding 
that the corpus epididymidis has the most pronounced antioxidant enzyme 
response and that the cauda epididymidis has the most altered oxidative 
regulation with age. This decline in antioxidant response in cauda epididymides 
may play an important part in the altered sensitivity to oxidative challenge 
observed in cauda epididymal spermatozoa from older rats when other 
parameters, such as motility, were measured. 
Spermatozoa extracted from the cauda epididymides of older rats had clear 
differences in motility when compared to young rats. While the finding of a more 
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jagged and uneven motion in spermatozoa from older rats is similar to what was 
reported in an earlier study from our lab (22), the fact that in vivo oxidative 
challenge resulted in slower motility is a novel and important finding. Most of ail, 
it implies that spermatozoa from older animais are not as weil protected against 
ROS and furthermore, that drugs administered systemically do, directly or 
indirectly, affect the spermatozoa. It also raises the question of whether this 
effect is mediated by the epididymal epithelium or if the drug penetrates the 
blood-epididymis-barrier and acts on the spermatozoa directly. 
Chromatin packaging and quality parameters were affected by aging, where 
mBBr, CMA3, and AO staining decreased and TUNEL staining increased with 
age. The results showed that there was a distinct population of spermatozoa in 
aged rats that had very few thiols. Furthermore, the decreases in CMA3 and AO 
suggest that DNA in older rats is somehow less accessible to the staining 
reagent and is less prone to dissociation. The increase in TUNEL staining is 
indicative of an overall decrease in spermatozoal DNA quality. 
Some assays showed age-dependent alterations in spermatozoal parameters 
from both the caput and cauda epididymides, while other assays showed a 
change in one, but not the other population of spermatozoa. Specifically, in 
spermatozoa taken from the caput epididymides of aged animais, free thiols were 
lower, but in those from the cauda epididymides levels became comparable to 
what was seen in spermatozoa from young rats. This suggests that the cauda 
epididymidis has a regulatory role in free thiol oxidation where, despite an altered 
initial free thiol number, the oxidation progressed until the final free thiol number 
had reached a set point. Data from the TUNEL assay, on the other hand, 
showed that only spermatozoa tram the cauda epididymides of older rats had 
increased staining for 3'OH DNA breaks. This result is consistent with the finding 
of altered antioxidant protection with age in the epididymis, particularly in the 
cauda region. 
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We also investigated the question of whether spermatozoa from older animais 
were sensitized tq in vivo and in vitro oxidative challenge. For example, 
quantitative PCR results clearly showed that, while there was no detectable 
difference in DNA breaks between young and old spermatozoa, those from older 
animais developed significantly more breaks after being incubated in H20 2. 
However, the most striking effect of sensitization was detected by the CMA3 and 
TUNEL assays, where the response between young and old did not change until 
H20 2 was applied after exposure to BSO. The results showed that staining in 
spermatozoa from older animais became startlingly altered as compared to the 
young. Therefore, it appears that while spermatozoal chromatin in old rats is 
innately similar to that in young, the sensitivity to oxidative damage does, indeed, 
change with age. 
Taken together, these results show that there is a clear effect of aging on the 
male reproductive system, which is manifested bya change in epididymal redox 
capacity, spermatozoal motility and chromatin packaging and quality. 
Furthermore, our data suggest that passage through the epididymis plays a 
regulatory role in chromatin packaging, but is not necessarily beneficial to 
chromatin quality, particularly in aged rats. Lastly, we show that sensitivity to in 
vivo and in vitro oxidative challenge becomes altered with age, leaving 
spermatozoa from older animais more vulnerable to its effects. 
4. Relevance of research to humans 
The importance of the data presented in this thesis goes beyond understanding 
the reproductive changes that occur in aging rats. While our findings remain to 
be confirmed in humans, they offer strong leads into the type of changes to 
expect in epididymides and spermatozoa from aged men. Additionally, they shed 
light on the abnormal processes that can occur during spermatogenesis, which 
may be useful in understanding some of the issues underlying infertility. Finding 
solutions for male infertility is becoming a serious concern in our society, where 
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as many as 50% of ail infertility cases are attributed to the male, and some 
researchers believe there is a trend towarQs deterioration of male fertility within 
the human population (23-25). 
Perhaps the most striking finding in this thesis is the detection of a low-thiol 
staining population of spermatozoa. It highlights the fact that spermatozoa do 
not, necessarily, compose a homogeneous population and that the distribution of 
abnormal spermatozoa is not limited to the fringes of a bell-curve, but can form 
an entirely separate population. This finding brings into question the selection 
procedures involved with such techniques as intracytoplasmic sperm injection 
(ICSI), where spermatozoa selection is based primarily on their morphological 
characteristics (26,27). The morphology of the low-thiol staining spermatozoa 
was not examined, but we can assume that it would be similar to that of normal 
sperm, as their flow cytometric parameters, defined by side scatter (a measure of 
complexity and granularity) and forward scatter (a measure of cell size), were the 
same as the rest of the spermatozoa. These parameters are very sensitive, and, 
if the spermatozoa with low thiol staining possessed altered morphology, they 
would have no longer overlapped with the rest of the population. Criticism against 
the procedures for selection of spermatozoa used in ICSI has been rising steadily 
over the years (28,29) and our data provides an additional example of the 
inadequacy of this protocol. 
Our research also raises the question of using spermatozoa from the caput 
epididymidis from men with decreased fertility. It was previously believed that 
best fertilization outcomes would be achieved by using the most mature 
spermatozoa possible. However, recent efforts to help patients with poor 
chromatin quality showed that better results were obtained using testicular 
spermatozoa than mature ejaculated ones (30). Studies on transition protein 
deficient mice with disrupted chromatin packaging showed that the initial 
packaging problems become exacerbated during epididymal transit and better 
fertilization outcomes are achieved using spermatozoa from the caput 
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epididymidis (31,32). Therefore, since our data indicates that there are issues 
with spermatozoal chromatin compaction with age, it might be adyantageous to 
use spermatozoa from the caput epididymidis in aged individuals seeking 
assisted reproduction. 
Our finding that spermatozoa from older rats are more susceptible to oxidative 
challenge begs the question about the protective benefits of antioxidant 
administration. Two recent reports that studied the benefit of antioxidant intake 
on improving spermatozoal chromatin parameters in healthy men showed 
contradictory findings, one stating no change (33) and the other showing 
improved spermatozoal numbers and motility (34). In men with reduced fertility, 
there exists more consistency in the benefit of antioxidant intake on the quality of 
spermatozoa (35,36). However, it remains to be determined if long-term and 
acute antioxidant supplementation would offer any benefit in protecting the male 
reproductive system from the effects of aging. 
5. Future Directions 
While this thesis answers some questions about the aging of the male 
reproductive system, it also raises new questions on the topic. For example, it 
would be interesting to focus future investigations on understanding the etiology 
of the low thiol staining population. Additionally, further characterization of 
spermatozoa from older rats can be achieved by evaluating lipid peroxidation and 
mitochondrial activity in these cells. Lastly, the age-related changes in the 
epididymal regulation of its oxidative environment may be examined using 
epididymal cell culture. 
The search for dues about the origin of the low thiol staining population would 
require separating the abnormal population using a f10w cytometer/cell sorter. 
The isolated spermatozoa could then undergo morphological analysis using 
electron microscopy. Furthermore, as most thiols in the nuclei of spermatozoa 
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are attributed to protamines, it would be of interest to measure the protamines in 
spermatozoa from this and control populations. It remains difficult to 
quantitatively measure protamines due to their basic nature and most studies 
resort to assessing the histone/protamine ratio (37,38) or the protamine 
1/protamine 2 ratio (in mammals that have two protamines) (39-43). Other than 
determining protamine amounts, it could also be interesting to measure their 
phosphorylation levels, as phosphorylated protamines are ones that have failed 
to acquire their tertiary structure after being deposited onto the DNA, rendering 
them ineffective (44). The combination of these experiments would help identify 
the level of spermatozoa maturation at which a problem occurs and, possibly, the 
nature of the problem. Additional studies on animais of different age points 
would also be interesting to determine the age at which these changes begin to 
be detected. 
The age-related change in spermatozoal motility warrants a closer examination 
of its two most likely origins, which are lipid peroxidation and decreased 
mitochondrial function. Lipid peroxidation in spermatozoa is commonly evaluated 
by the thiobarbituric acid test which measures malondialdehyde (MDA). Elevated 
MDA in spermatozoa correlates with reduced motility and decreased ability to 
acrosome react (45,46). While lipid peroxidation of the spermatozoa is often 
correlated with inflammation of the genital tract (47), it could also be a sign of 
altered systemic and, particularly, epididymal redox potential that is associated 
with age. Mitochondrial function is known to deteriorate with age in many tissues 
and is associated with mtONA deletions, which contribute to the aging of this 
organelle (48,49). However, our data on spermatozoal mtDNA breaks using the 
qPCR technique did not detect any age-dependent change in PCR product, 
indicating that spermatozoal mitochondrial genome is not dramatically altered 
with age. This brings us to the second change that is often reported in 
mitochondria with age, which is a decrease in energy production, also referred to 
as viability (49,50). Mitochondrial viability can be assessed using the 
MitoTracker® dye, which accumulates inside of active mitochondria without killing 
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the cell. Alterations in mitochondrial viability have been shown to correlate with 
decreased motility and fertility parameters (51,52). We would anticipate a 
decrease in staining in spermatozoa of older rats, as this would be consistent 
with the altered motility that we have observed and also with the theory of age-
dependent decline in mitochondrial function. 
ln this thesis we have discussed the role of the epididymis in spermatozoal 
maturation and antioxidant protection. We have reported changes in redox 
status in the epididymis with age, but it remains to be determined whether or not 
this affects the total ROS levels in the tissue. One of the ways of answering this 
question is by using epididymal cell lines and measuring the ROS produced by 
these cells with probes, such as the H20 2-sensing OxyBURST® probe. As the 
cell lines currently available are derived from the epididymides of young animais, 
this study would require creating new cell lines from the epididymides of both 
young and old animais. It remains challenging to create immortalized epididymal 
cell lines, as these cells divide very slowly and de-differentiate. Only a few 
groups have succeeded in doing so (53-55), but for the purpose of studying the 
tissue's oxidizing potential it is not necessary to immortalize the cells and it would 
be sufficient to generate a cell culture that can be analyzed within days. This 
experiment can help identify the origin of the changes seen in spermatozoa from 
older males by answering the question of whether these changes were due to 
alterations in the epididymis' ability to regulate ROS, adding to our understanding 
of the role that this organ plays in protecting spermatozoa from oxidative 
damage. Additionally, it would allow us to monitor epididymal cell response to 
chemical exposure and evaluate alterations in this response with age. 
6. Conclusion 
Studying the changes that occur in the male reproductive system with age will 
enable men to make more informed family planning decisions. Some of the 
abnormalities that we have identified may be common to men suffering from 
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infertility and are not necessarily restricted to aging. Further research can be 
geared towards establishing the origin of these phenomena and finding means of 
overcoming them, the goal being to find a way for men with compromised fertility 
to have healthy children. Understanding the nature of the changes will allow 
clinicians to make more appropriate recommendations, some perhaps as simple 
as increasing antioxidant intake, which can help improve the chances and 
outcomes of the pregnancy in older and sub-fertile men. 
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List of Original Contributions 
A. Approaches and assays 
The novelty of this thesis is not limited to its findings, but also encompasses new 
experimental approaches and assays. 
1) We developed a systemic BSO administration regiment which was shown 
to effectively deplete glutathione in the epididymis, liver and seminal vesicles. 
Additionally, this is the first time that systemic oxidative challenge has been used 
to investigate reproductive aging. 
2) Adaptation of _ the flow-cytometric based CMA3 assay to rodent 
spermatozoa. Additionally, we show that the CMA3 assay is not strictly a 
protamine-quantifying assay. Its results can be influenced by the state of 
chromatin condensation in the spermatozoa, as spermatozoa from the caput 
epididymidis have more CMA3 staining than those from the cauda epididymidis. 
3) Adaptation of the flow-cytometric based mBBr assay to rodent 
spermatozoa. 
4) Adaptation of the flow-cytometric based TUNEL assay to rodent 
spermatozoa. 
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B. Aging 
Our findings add to what is currently known about male reproductive aging and 
aging in general in the areas of: epididymal, liver and seminal vesicle redox 
regulation, spermatozoa chromatin packaging and quality and spermatozoa 
motility. 
1) Aging differentially affects antioxidant enzyme activities and glutathione 
levels in the epididymis, liver and seminal vesicles. In the cauda epididymidis the 
antioxidant enzyme balance shifts towards conserving glutathione, but in the liver 
it shifts towards greater glutathione utilization. Of the tissues tested, the seminal 
vesicles were the only ones to have a dramatic change in GSH/GSSG with age, 
where GSSG doubled in old animais. 
2) There is a dramatic decrease in spermatozoal nuclear disulfides with age. 
This can be explained by the finding that, in older animais, the spermatozoal 
population divides into normal-thiol and low-thiol populations. 
3) CMA3 penetration of spermatozoal nuclei is markedly decreased with age, 
suggesting a change in spermatozoal protamination or chromatin condensation 
with age. 
4) The %DFI is higher in younger animais than in old. This indicates altered, 
possibly tighter, chromatin packaging with age and supports our finding of 
decrease in CMA3 penetration with age. 
C. Effects of BSO and H20 2 
We characterize the effects of in vivo oxidative challenge on antioxidant 
regulation and spermatozoal motility and chromatin and effects of in vitro 
oxidative challenge on spermatozoal chromatin. Additionally, the interaction of 
the two is examined. 
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1) Overall, systemic administration of BSO depleted glutathione in ail tissues 
tested. This depletion affected antioxidant enzymes and spermatozoal motility. 
2) Systemic administration of BSO also affected chromatin condensation and 
quality, where spermatozoal nuclear free thiols became oxidized to disulfides, 
CMA3 staining, OFI and %OFI decreased and TUNEL staining increased. 
3) Overall, incubation with H20 2 oxidizes spermatozoal nuclear free thiols to 
disulfides, decreases CMA3 penetration, increases %OFI an increases ONA 
breaks in spermatozoal chromatin. Its effect on sorne of the parameters is dose-
dependent. 
4) There is interaction between the two treatments, where exposure to BSO 
can sensitize spermatozoa to H20 2 or alter the effect of H20 2, particularly in 
spermatozoa taken from old rats. 
D. Segment and tissue-specifie effects 
Our experiments have helped shed light on the differential redox regulation and 
effects of aging and oxidant exposure in the epididymal segments, seminal 
vesicles, Iiver and spermatozoa from the caput and cauda epididymidis. 
1) Out of the epididymal segments tested, antioxidant enzymes in the corpus 
epididymidis were most sensitive to the effects of glutathione depletion, where 
both glutathione reductase and catalase became dramatically upregulated. 
2) The cauda was the epididymal segment that became most sensitized to 
the effects of oxidative challenge with age. In aged, but not in young animais, 
BSO administration resulted in a decrease in glutathione peroxidase, while 
226 
glutathione reductase and catalase increased, suggesting a shift towards 
decreased utilization and increased recycling of glutathione. 
3) The oxidative regulation of the seminal vesicles profoundly differs from 
that of the liver or epididymis. Glutathione depletion increased glutathione 
reductase and catalase activity in the liver and epididymis, but the activities of 
these enzymes were decreased or unchanged in the seminal vesicles. 
4) Glutathione reductase and catalase responded very similarly to 
glutathione depletion in ail of the tissues studied. This suggests that they act 
synergistically in removing ROS when glutathione levels are low. 
5) Chromatin packaging becomes dramatically altered during spermatozoal 
passage through the epididymis, where the free thiol/disulfide ratio, CMA3 
staining, OFI, %OFI and ONA quality ail decrease. 
6) Chromatin sensitivity to BSO is segment-dependent, where CMA3 
staining, OFI and %OFI became decreased in spermatozoa from the caput 
epididymidis, but not from the cauda, after BSO administration. 
7) Chromatin sensitivity to BSO is not only segment-dependent, but it is also 
age-dependent, where systemic administration of BSO dramatically increased 
TUNEL staining in spermatozoa from the caput epididymides in old animais and 
in spermatozoa from the cauda epididymidis in both young and old. This 
suggests that, with age, spermatozoa become more vulnerable to in vivo oxidant 
damage during maturation from step 16 spermatids to their entry into the caput 
epididymidis. 
8) It has been shown previously that spermatozoal motility is decreased in 
the presence of excess ROS. However, we were the tirst to demonstrate that 
spermatozoal motility parameters can decreased after a systemic oxidative 
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challenge. Furthermore, motility of spermatozoa in old animais was c1early more 
susceptible to oxidative challenge than. motility in spermatozoa from young 
animais. 
9) The successive exposure to in vivo and in vitro oxidative challenge sensitizes 
spermatozoa from the cauda epididymidis of older rats to their oxidative effects. 
ln this group, CMA3 penetration failed to decrease and TUNEL staining dropped 
to minimal levels. These results are contradictory to those expected from 
exposure to oxidative challenge and they indicate that spermatozoa from the 
cauda epididymides of old rats have different epididymal antioxidant protection 
and/or sensitivity to oxidant challenge. 
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